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ABSTRACT
Abstract
The primary events occurring in vivo after implant placement are very important in 
achieving osseointegration. The objective of this research study was to investigate 
these primary processes and its variations with different surface treatments of 
titanium. This may further aid in finding surface characteristics which have a 
positive effect on osseointegration.
Firstly, ion adsorption from a physiological solution and ion and protein adsorption 
from a simulated in vivo environment to polished, glass bead blasted and alkali 
etched + heat-treated titanium surfaces were tested with the aid of x-ray 
photoelectron spectroscopy. Secondly, the adhesion strength of bone cells to the 3 
different titanium surfaces in two force directions (normal and tangential to the 
surface) was assessed with the aid of centrifugal accelerations. The theory here was 
that ions are adsorbed first to the surfaces, proteins then bind to the ions, and then 
cells can bind to the RGD sequence in certain proteins.
Calcium (Ca) and phosphorus (P) were found to be adsorbed to all titanium surfaces 
from the physiological solution to varying degrees, however, only trace levels of Ca 
and P could be detected on all surfaces after exposure to a simulated in vivo 
environment, instead large amounts of protein were found. Bone cell adhesion 
strength was found to vary (between <2 x 10'8 N and 8 x 10 s N) statistically 
significant (pcO.OOl -  p<0.05) with surface treatment and force direction.
Conclusion: although the surfaces exhibited different responses for individual 
factors of ion adsorption, protein adsorption or cell adhesion, on balance for all 
three factors the performance of glass bead blasted titanium surfaces showed the 
most positive results.
Investigations of the bone titanium interface, in vitro
LIST OF CONTENTS
LIST O F  C O N T E N T S
Investigations of the bone titanium interface, in vitro
Acknowledgements iv
1. Introduction 1
2. Background____________________ 3
2.1 Clinical applications of osseointegration 3
2.1.1 Prosthetic limb attachment 5
2.1.2 Dentistry 6
2.1.3 Maxillo-facial surgery 6
2.1.4 Audiology 7
2.1.5 Hand surgery 8
2.1.6 Orthopaedics 9
2.2 Fundamentals 10
2.2.1 Composition of bone 10
2.2.1.1 Bone cells 10
2.2.1.2 Bone matrix 11
2.2.2 Cell adhesion 13
2.2.3 Bone healing 14
2.2.4 Calcification of bone 15
3. Literature review 17
3.1 Surface analysis 17
3.1.1 Surface roughness and topography 17
3.1.2 Surface chemical composition 23
3.1.3 S urface energy 25
3.2 Surface analysis of titanium 26
3.2.1 Titanium and its oxides 26
3.2.2 Ion adsorption to titanium in vivo and in vitro 27
3.2.3 Protein/amino acid adsorption to titanium 30
3.3 The bone-titanium interface 33
3.3.1 Interface structure 33
3.3.2 Interface formation 38
3.3.3 In vitro research 40
3.3.3.1 Primary bone cell cultures 41
3.3.3.2 Cell lines 44
3.3.3.3 Bone cell response to titanium 45
Investigations of the bone titanium interface in vitro i
LIST OF CONTENTS
3.3.4 Histological and biomechanical evaluations of the bone
titanium interface 47
3.3.4.1 Histological evaluations 47
3.3.4.2 Biomechanical evaluations 51
3.3.4.2.1 Interfacial strength of the mature
bone titanium interface 52
3.3.4.2.2 Cell adhesion strength at the immature 
bone titanium interface 64
4. Experimental work______________________________ 73
4.1 Surface characterisation 74
4.1.1 Titanium disks 74
4.1.2 Surface chemical composition 75
4.1.2.1 Qualitative analysis 78
4.1.2.2 Analysis of carbon Is spectra 81
4.1.2.3 Quantitative analysis 84
4.1.2.4 Discussion of surface chemical composition 87
4.1.3 Surface roughness and topography 90
4.1.3.1 Surface topography 91
4.1.3.2 Surface roughness 93
4.2 Ion and protein adsorption to cp titanium surfaces 96
4.2.1 Ion adsorption from Hanks Balanced Salt Solution 96
4.2.1.1 Protocol 96
4.2.1.2 Ion adsorption from HBSS after 1 hour 97
4.2.1.3 Time dependent ion adsorption from HBSS 99
4.2.1.4 Physisorption and chemisorption of calcium and 
phosphorus to titanium 104
4.2.2 Ion and protein adsorption from cell culture medium 106
4.2.2.1 Protocol 106
4.2.2.2 Ion and protein adsoiption after 24 hours 106
4.2.2.3 Carbon Is spectra after 24 hours adsoiption 109
4.2.2.4 Time dependent ion and protein adsoiption 113
4.2.3 Discussion of results of ion and protein adsorption 119
4.3 Cell adhesion strength tests in vitro 126
4.3.1 Cell culture 126
4.3.1.1 Human bone derived cell (HBDC) culture 126
4.3.1.2 Cell line G-292 clone A141B1 128
4.3.2 Experimental procedure 129
4.3.2.1 Cell seeding 129
4.3.2.2 Centrifugation 129
4.3.2.2.1 Centrifugation inlays 129
4.3.2.2.2 Centrifugation assay 131
4.3.2.3 Fluorescent microscopy 132
4.3.2.4 Data processing 133
4.3.2.5 Statistical evaluation 134
Investigations of the bone titanium interface in vitro »
LIST OF CONTENTS
4.3.3 Results cell adhesion strength tests 135
4.3.3.1 Cell coverage before centrifugation 135
4.3.3.2 Normal force 137
4.3.3.3 Tangential force 151
4.3.3.4 Cell detachment dependant on g-force 164
4.3.3.4.1 Normal force 164
4.3.3.4.2 Tangential force 165
4.3.3.5 Cell adhesion strength 166
4.3.4 Discussion of the results from cell adhesion
strength tests 169
5. Concluding discussion_________  176
6. Conclusion 186
7o Recommendations for future work 187
8. References 188
Investigations of the bone titanium interface in vitro hi
ACKNOWLEDGEMENTS
ACKNOWLDEGEMENTS
First of all I would like to thank the School of Engineering, University of Surrey, 
for funding me and therefore giving me the opportunity to do this work.
Many thanks to my supervisor Steve Hughes, not only for his help and support, 
but also for his constructive criticism. I have really learned a lot from him over the 
past years and I truly enjoyed myself.
I would also like to thank Professor John Watts for his help with my surface 
analysis and for patiently and happily answering my questions. My thanks to 
Steve Greaves for his help with XPS analysis, to Dr. Nick Toms for his help and 
guidance in bone cell culturing, and to Dr. Paul Unwin, Stanmore Implants 
Worldwide, Stanmore, UK, for supplying the surface treated titanium disks, 
necessary for this work. Finally, my thanks to Mr. DA Ward, Consultant 
Orthopaedic Surgeon, Kingston Hospital, Kingston upon Thames, UK for 
allowing me to collect bone fragments.
Investigations of the bone titanium interface in vitro iv
IN T R O D U C T IO N
1, I N T R O D U C T I O N
The work of Professor Per Ingvar Branemark in the field of osseointegration, 
where bone grows closely adjacent to the titanium implant surface to provide a 
stable fixation, is known and admired all over the world. Having started its 
clinical application in dentistry, as transcutaneous implants, almost 40 years ago, 
the principle of osseointegration is now also used in maxillo-facial 
reconstruction, audiology, hand surgery and most recently, in orthopaedics.
Working together with his son Dr Rickard Branemark, PI Branemark has 
recently introduced the principle of osseointegration to a new clinical 
application. It is now being used in clinical trials for the direct attachment of 
prosthetic limbs in lower limb amputees. The University of Surrey works in 
collaboration with the Branemark Osseointegration Centre, Gothenburg, Sweden 
and Integrum Ltd. Gothenburg and is involved in a major clinical trial, of this 
method for direct prosthetic limb attachment, using a cp titanium implant, in the 
UK as well as in scientific research into the performance of these implants 
concerning their design, strength and interface to bone.
The long term objective of the osseointegration program at the University of 
Surrey is to reduce the time span between implant insertion and full functional 
loading (which are for a maximum body weight of 100kg, normal walking loads 
of about 1.3 times body weight peak load, bending moments of 20Nm), which at 
the moment may take up to 2 years, and to increase knowledge and 
understanding of the processes involved in osseointegration. The early clinical 
indicators, from our active group of patients, suggest a potential need to increase 
the strength of certain components within the system.
The objectives of this PhD study are to investigate:
° Ion and protein/amino acid adsoiption from cell culture 
medium
© Ion adsoiption from a physiological solution 
© Cell adhesion strength of living bone cells
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to commercially pure titanium used for osseointegrating implants, and its 
variations with different surface treatments of the titanium surface, in vitro.
The purpose of this study is to enable a comparison to be made of the surface 
adhesion strength of bone cells relative to that strength of the mechanical interlock 
(investigated by various other researchers), between living tissue and implant 
material, which results from its design shape, during the initial stages after 
implantation. It may also aid in improving the surface treatment preparation for 
the osseointegrating titanium implants used for direct prosthetic limb attachment.
The hypothesis, for this work, is that there may be significant adhesion between 
living bone cells and the titanium implant surface via adsorbed ions and proteins, 
and that surface morphology and surface chemical composition of titanium may 
influence the level of adhesion observed. The adhesion of bone cells to an implant 
surface is important because if bone cells (osteoblasts) adhere directly to the 
titanium surface via adsorbed proteins, bone can be formed directly at the surface 
due to the secretion of osteoid by adhering osteoblasts, and not only towards the 
surface from the surrounding bone, where bone and implant surface may be 
separated by other types of cells and general connective tissue matrix (Davies 
1998). It is assumed that a stronger adhesion of bone cells to the titanium implant 
is of advantage. It ensures that the cells cannot be easily removed, e.g. by micro 
movements between bone and implant, from the material surface. For long term 
interfacial strength between bone and titanium surface the degree of osteoid 
production directly at the surface might be important. Modifying certain surface 
characteristics may increase the adhesion strength of bone cells to a titanium 
surface and may also hasten the period allowed for osseointegration stabilisation 
in the rehabilitation programme.
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2. B A C K G R O U N D
In this chapter, the background information about osseointegration will be given, 
such as the clinical applications of osseointegration and fundamental information 
important to understand the processes involved in osseointegration.
2.1 Clinical applications of osseointegration
Titanium alloys and commercially pure titanium have been used as implant 
materials in the human body for several years. The human body mostly accepts 
titanium without any rejection or major inflammatory reaction. It seems, at least, 
to be inert in the body environment and therefore does not trigger the immune 
response system against a foreign body. Titanium reacts readily with oxygen in 
air and forms a passivating oxide layer on its surface. This oxide layer is thought 
to be a contributory factor for its inertness in the body environment (Albrektsson 
et al 1983). Titanium implants have also been found to promote osseointegration 
(Branemark et al 1977).
In the following study osseointegration has been defined as occurring when 
healthy bone cells and calcified bone matrix are found closely adjacent to the 
implant surface without a fibrous tissue layer or dead tissue between bone and 
implant.
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T i t a n iu m  h a s  v a r io u s  a p p l ic a t io n s  in  th e  m e d ic a l  f i e ld  ( F ig u r e  1).
Clinical applications of osseointegration
Figure 1: Applications of osseointegration. “Osseointegration in Skeletal Reconstruction 
and Joint Replacement”, PI Branemark et al. 1994
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2.1.1 Prosthetic limb attachment
The most recent application of osseointegration in orthopaedic surgery is for 
direct skeletal prosthetic limb attachment in amputees. The placement of a skin 
penetrating implant is performed in two stages. In the first stage a screw type 
commercially pure titanium fixture, which is intended to provide primary 
stability, is inserted into the residual load bearing bone stump of amputated 
extremities (Figure 2, right). The stump is then closed up and left to heal. The, 
clinically developed, management of these implants currently requires that the 
fixture remains protected from external loading for about 4 months to give the 
surrounding bone time to heal and form a strong interface between bone and 
titanium. It is assumed, but not known, that there will be topical loading of the 
implant from inherent muscle and tissue movement to initiate the 
osseointegration at micro-stress level. In the second stage of surgery a skin- 
penetrating abutment is connected to the distal end of the implanted fixture and 
the muscle tissue is reshaped to leave the skin around the abutment directly 
attached to bone. Following this is an extensive rehabilitation period with 
physiotherapy, starting with part loading of the implant increasing to full 
functional loading within 18-24 months. When full functional loading is reached 
a definitive external prosthetic leg is connected to the skin-penetrating abutment 
(Figure 2, left)
Figure 2: Fitted prosthesis on the left and x-ray of osseointegrated Fixture on the right. The skin- 
penetrating abutment is fixed to the distal end of the osseointegrated fixture (arrow). 
(“Osseointegration in Skeletal Reconstruction and Joint Replacement” PI Branemark et al
(1994)).
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Although the rehabilitation period is very long, the positive experience with 8 
patients in the UK justifies the use of this method for direct prosthetic limb 
attachment. Amputees, who have previously no been able or limited to wear 
external prostheses, are now all day users. Two patients had to be withdrawn due 
to infections and loosening. Some damage to system components due to 
overload had occurred. The components could be replaced on a day patient basis.
Further improvements for this application would be to:
© Shorten the time necessary for osseointegration to take place, and 
© Shorten the time span between part loading and full functional 
loading of the implant,
© Performing the 2-stage operation in a single operation.
2.1.2 Dentistry
In dentistry titanium has already been used for over 40 years for single tooth 
replacements and for fixation of whole dentures (Figure 1). Threaded cylindrical 
implants are inserted into the maxilla/mandible and left to heal. In a second 
operation a skin-penetrating abutment is fixed to the implants to which dentures 
or single teeth can be attached. In dentistry the implant and abutment placement 
is also sometimes performed in a one-stage operation. The success rates of dental 
implants, especially for the mandible, are said to be around 95% (Branemark et 
al 1977).
2.1.3 Maxillo-facial surgery
In maxillo-facial surgery titanium implants have been used for over 25 years 
(Branemark et al 1994, Eriksson et al 1994). Skin penetrating titanium implants 
are used in maxillo-facial surgery to support prosthetic repair of facial defects, 
e.g. after tumour removal or to reconstruct deformities, such as ears and noses. 
To restore structural anatomy of a maxillo-facial defect titanium implants are 
inserted into the remaining bone around the defect and connected with a
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framework. A facial prosthesis is then attached to the framework to restore facial 
features (Figure 3).
Figure 3: Left: titanium framework in facial defect after tumour removal. Middle: x-ray 
of titanium framework. Right: facial prosthesis on facial defect. From “Osseointegration 
in Skeletal Reconstruction and Joint Replacement”, by PI Branemark et al 1994
2.1.4 Audiology
In audiology titanium implants have been used for over 25 years. Skin 
penetrating titanium implants of the same principle as used in dentistry and 
maxillo-facial reconstruction, are used to fix bone-conducting hearing aids 
(Figure 4), (Tjellstrom and Hakansson 1995).
Figure 4: osseointegrated bone-conducting hearing aid (Tjellstrom and Hakansson 1995)
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2.1.5 Hand surgery
In hand surgery, titanium implants have also been used for over 25 years and are 
used for finger joint replacements (Figure 5) and for the attachment of finger 
digit prostheses. For finger joint replacements a cylindrical screw type titanium 
fixture is inserted into the bone on either side of the joint. The titanium implants 
are separated by a silicon spacer, which allows movement of the joint. Fracture 
of the silicon spacer occurs occasionally but it can easily be replaced. However, 
free silicon particles can cause adverse tissue reactions (Eriksson et al 1994). 
Developments of this method using different flexible joint materials are again 
being introduced in hand surgery (Martin 2002 -  personal communications).
*  * *
l i ujffj
4 a
Figure 5: Left: x-ray of a hand of a patient with juvenile rheumatoid arthritis. Right: x-ray of the 
same patient after arthroplasty. “Osseointegration in Skeletal Reconstruction and Joint 
Replacement'’, by PI Branemark et al 1994
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2.1.6 Orthopaedics
In orthopaedics, titanium alloy implants have been used for about 15 years now. 
They are used in uncemented and cemented joint replacements such as hip and 
knee replacements. Uncemented hip and knee implants are press fitted and not 
screwed in like the osseointegrated implants mentioned above (teeth, bone 
conducting hearing aid, etc.). With hip and knee implants there cannot 
reasonably be an immobilisation period where the implant is not subject to 
functional loading. This may lead to movements between the implant and bone, 
which in turn may favour tlie formation of a fibrous tissue layer between implant 
and bone rather than contact between bone and metal. Although these implants 
rarely become fully osseointegrated (the whole implant in contact with bone), the 
success rate of hip and knee prostlieses demonstrates that this is acceptable for 
these implants - some having been in place for over 20 years. However, this 
would not be enough for the fixation of prosthetic limbs. Another aspect of knee 
and hip prostlieses is wear of the materials of the articulating components in the 
joint. Wear particles from artificial materials in living tissue can induce 
infections or local tissue death and consequential loosening.
Although titanium implants have been used for years, with the success outlined 
above, clinical failures have occurred. Loosening of the implants and pain, 
experienced by the patients do occur. Reasons for loosening and pain are e.g. 
inadequate bone to implant contact due to adverse tissue reaction to the implant 
surface, overloading, or infections. In addition bone cell necrosis, perhaps caused 
by excessive local heat during insertion of tlie implant, does occur.
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2.2 Fundamentals
This part will cover the biological fundamentals necessary to understand the 
processes involved in osseointegration, such as the composition of bone and 
bone matrix, cell adhesion to extracellular matrix and bone healing.
2.2.1 Composition of bone
Bone consists of organic bone matrix, inorganic bone matrix and bone cells. It 
contains about 2 0% water.
2.2.1.1 Bone cells
The cells, which can be found in bone, are osteoblasts, responsible for the 
production of osteoid (including collagen), osteocytes, which are further 
differentiated osteoblasts, which have become enclosed in calcified matrix, and 
osteoclasts, which remove bone. The following diagram (Figure 6) shows their 
origin and path of differentiation.
Embryonic neural Embryonic Embryonic endodermal
Crest and placodes Mesoderm Prochondral plate
+Embryonic Mesenchyme
chondrogenic 
precursor cell
▼
chondroblast
chondrocyte
Embryonic 
Yolk sack 
▼
Embryonic Haemal 
Cell
+
Heainal stem cell
CFU-S 
M ^
granulocytal erythroid
monocyte stem cell
precursor cell
osteoclast, 
chondroclast pre­
cursor cell
monocyte
4
osteoclast granulocyte erythrocyte 
macrophage
Figure 6: Differentiation of embryonic mesenchyme and embryonic haemal cells
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2.2.1.2 Bone matrix
About 90% of the organic matrix is made up of collagen (mainly type I). The 
other 10 % are non-collagenous components, which are carbohydrate proteins, 
plasma proteins, gla containing proteins, and growth factors. The inorganic 
matrix of bone consists of hydroxy apatite.
Non-collagenous components of bone matrix
The carbohydrate proteins are divided into proteoglycans, which consist of a 
small core protein with huge amounts of covalently attached sulphated 
carbohydrates (glycosaminoglycans (GAGs)), and glycoproteins, which are 
proteins, linked to small amounts of highly variable carbohydrates. GAGs are 
divided into 5 major categories chondroitin sulphate (e.g. biglycan, which is 
involved in cell-cell or cell-protein interactions, or decorin, which binds collagen 
and regulates fibril formation), dermatan sulphate, heparin and heparan sulphate, 
keratan sulphate and hyaluronic acid, which consist of unsulphated saccharides. 
Proteoglycans and glycoproteins are structural components of bone, which 
provide calcium and phosphate binding sites. They also modulate calcium 
dependant phosphatase and ATPase activities. This might imply a role in initial 
mineral deposition, which starts calcification. The processes, which lead to 
calcification of hone matrix, are not yet fully understood.
The following Table (Table 1) presents the major constituents of the non- 
collagenous protein components of bone matrix.
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Protein Structural features Possible function
Glycoproteins
Osteopontin RGD amino acid sequence, 
Phosphorylation
Cell attachment, hyaluronan 
binding, regulation of 
mineralisation, Ca2+ sites, 
thrombin cleavage site
Osteonectin Ca2+ and hydroxyapatite 
binding, cell spreading, 
nucleating and orienting 
apatite crystal growth
Bone sialoprotein RGD sequence, sulfation of 
tyrosines
Cell adhesion or secretory 
product processing
Bone acidic glycoprotein Polyaspartic acid Mineralisation?
Thrombospondin RGD sequence, EGF 
homology
Cell attachment
Proteoglycans
CS-PG I (biglycan) Chondroitin sulphate Tissue remodelling and wound 
healing
CS-PG II (decorin) Chondroitin sulphate Regulate fibrilogenesis
CS-PG III Chondroitin sulphate Regulate mineralisation
Plasma proteins 
Albumin Regulating mineralisation 
carrier for small molecules 
and ions
Fibronectin RGD sequence Promotes cell adhesion and 
reorganisation of actin 
microfilaments
Vitronectin RGD sequence Promotes cell adhesion and 
reorganisation of actin 
microfilaments
o^ HS-glycoprotein Bone remodelling and 
resorption
GLA containing proteins
Matrix Gla Protein BMP carrier/binding protein
Osteocalcin (Bone 
gla protein)
Mineral maturation and bone 
resorption
Growth factors
BMP (Bone 
Moiphogentic 
Protein) group
Recruitment and 
differentiation of 
mesenchymal cells
IGF-1 Pre-osteoblastic cell 
replication
IGF-II Mitogenic for osteoblast-like 
cells
TGF-p Increases bone cell 
proliferation and matrix 
synthesis; inhibits matrix 
degradation
P2 microglobulin Modulates binding of 
hormones/growth factors to 
receptors
PDGF Mitogen for bone cells
Table 1: major non-collagenous protein components of bone from Young et al 1992, Davies
1990, Sodek etal 1991
Investigations of the bone titanium interface, in vitro 12
BACKGROUND
The amino acid sequence RGD (arginine-glycine-aspartic acid) is essential for 
cell adhesion promoting activity. It is speculated that the chemotactic activity 
(the proteins can cause movement of cells by stimulating them through a gradient 
in chemical concentration) of some of the above named proteins might attract 
osteoblasts, and provide the attachment zone for these cells via their RGD 
sequences.
2.2.2 Cell adhesion
Surface adhesion receptors, present on cell surfaces, regulate cell adhesion to 
extracellular matrix components and cell-cell interactions. In the case of 
osteoblast adhesion to extracellular matrix, the integrins, (especially the integrins 
«2, «3. ct4. aa. av. 6 1 . 6 3 ), are believed to be relevant (Aota et al 1995, Schneider 
and Burridge 1994, Sinha and Tuan 1996).
Integrins are transmembrane receptors consisting of a hetero dimer structure with 
an a- and 8-subunit (Figure 7, left). Several integrins bind to a short amino acid 
sequence called RGD sequence (argenine, glycine, aspartic acid) present in 
multiple components of extracellular matrix including collagen, osteopontin, 
fibronectin and laminin. If a cell is attached to a surface via integrins, it is called 
focal adhesion (Figure 7, right).
Figure 7: structure of integrins left and focal adhesion of a cell to ECM right (“The Cell”
by GM. Cooper 1997).
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2.2.3 Bone healing
After the injury a haematoma forms at the fracture site. The tissues are invaded 
by inflammatory cells, and phagocytic cells remove dead tissue and other foreign 
objects, like bacteria. Without an inflammatory response no proper healing could 
take place, because the damaged material and bacteria are not removed and may 
cause infections. Then fibrinolysis occurs to build up a loose connective tissue 
stroma to support vascularisation. Then osteoblastic cells are recruited from 
marrow stem cells and bone surfaces from the surrounding bone. Newly recruited 
osteoblasts cannot produce bone matrix (osteoid), they need to be fully 
differentiated into mature osteoblasts to do that.
After osteoblastic cells have been recruited they proliferate, where they increase 
in number, and differentiate into mature osteoblasts. Osteoid is then secreted by 
the osteoblasts, which is calcified to form bone. The bone, which primarily forms 
is unorganised bone called woven bone. With time this bone is transformed into 
an organised structure with a haversian system called lamellar bone. (See Figure 
8)
Figure 8: lamellar (right and left in the picture) and woven one in the middle part. (Human
Histology, by Stevens and Lowe)
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2.2.4 Calcification of bone
The processes involved in calcification are not known in exact detail. Glimcher 
(1989) stated that, according to his research, calcification only takes place within 
the collagen fibrils. The crystals are located in specific regions along the axial 
period of the fibrils. No or little calcium phosphate crystals have been found 
between the fibres and they have rarely been seen randomly distributed in the 
tissue (Glimcher 1989). Non-collagenous components of bone matrix could 
therefore not be calcified. Work done by Albrektsson et al (1983), and Nanci et 
al (1994) support this opinion; no calcium phosphate crystals have been found in 
collagen free areas.
When collagen calcifies, calcium phosphate crystals are laid down in the gaps in 
between the single collagen fibrils. The following picture (Figure 9) shows the 
arrangement of collagen fibrils forming a collagen fibre, with depositions of 
calcium phosphate in between.
: Calcium phosphate crystal 
  : Collagen fibril
Figure 9: collagen fibre with calcium phosphate crystals between the single fibrils.
However, during investigations of the bone titanium interface, Davies et al 
(1996,1998), and Steflik et al (1997) found calcium phosphate crystals located 
not only within collagen, but also in collagen free areas. This contradicts the 
findings of Glimcher et al (1989), who suggested that collagen fibrils are 
essential for crystal formation.
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For calcification to take place, local concentrations of Ca2+ and PO4' have to 
increase. This can occur for various reasons. Osteoblasts secrete osteoid and 
produce matrix vesicles, which can accumulate Ca2+ and P04\  Osteoid contains 
osteocalcin, which binds extracellular Ca2+ ions. This leads to high local 
concentrations of calcium ions. Matrix vesicles are rich in alkaline phosphatase 
and pyrophosphatase and can accumulate calcium and phosphate ions. The 
enzyme alkaline phosphatase increases local Ca2+ and PO4" ion concentrations. 
Pyrophosphates and alkaline phosphatase can both cleave phosphate ions from 
larger molecules. During osteoid formation the matrix vesicles come away from 
the osteoblasts and form the site of initial deposition of mineral. Once a few 
hydroxyapatite crystals have been deposited, they grow quickly by accretion 
until they join foci from other matrix vesicles (Stevens and Lowe 1997).
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3. LITERATURE REVIEW
This chapter will review literature relevant to this work. Due to the fact that an 
implant material achieves and maintains contact to living tissue via its surface, 
this chapter will concentrate on the titanium oxide and its reactions with 
surrounding material, rather then on the bulk metal. So, firstly a closer look will 
be taken at surface analysis methods that can be used to analyse the titanium 
surface. Then surface roughness and topography and surface chemical 
composition of titanium and its oxides will be reviewed, as well as ion and protein 
adsorption (in vitro and in vivo) to titanium oxide. Thirdly, studies investigating 
the bone titanium interface, concerning its structure, bone to metal contact and 
strength, in vitro and in vivo, and the methods used, will be reviewed.
3.1 Surface analysis
Surface characteristics, which are key elements in this study, are surface 
roughness, surface topography, and surface chemical composition. In the case of 
titanium surfaces, the oxide layer controls surface chemistry.
Mechanical processing techniques and chemical surface treatments can alter the 
surface characteristics of titanium implants.
3.1.1 Surface roughness and topography
For analysing surfaces various methods have been used in the literature. For 
imaging the surface topography the Scanning Electron Microscope (SEM) has 
mostly been used (see Figure 10 a-f).
Different surface treatments of the titanium surface produce various surface 
topographies. The following images show SEM images of various titanium 
surface structures used for titanium implants in direct contact with bone. Blasted 
titanium surfaces are rough surfaces, though tlie exact surface roughness can vary 
depending on the grain or bead size used to blast them (a). Machined titanium
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surfaces are smooth surfaces with clearly visible machining grooves on the 
surfaces (b). Polished surfaces are very smooth usually with a mirror like finish 
(c), and chemically treated surfaces (d-f) show a spiky surface structure on a low
roughness level (lower than 0.5 pm)
a) Blasted titanium surface (Hartwig et al 
1995, bar 10 pm)
c) Polished titanium surface (Larsson et al 1996, 
bar 10 pm)
b) Machined titanium surface
(Larsson et al 1996. bar 10 pm)
d) Acid etched surface (Klokkevold et al 
1997, bar 10 pm)
e) Alkali etched titanium surface f) Alkali etched + heat-treated titanium
(Nishiguchi et al 1999. bar 2 pm) (Nishiguchi et al 1999, bar 2 pm)
Figure 10(a-0: images a-f are different titanium surfaces with visible variations in surface
structures
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To obtain actual values for surface roughness, surfaces have to be investigated 
with the aid of Atomic Force Microscopy (AFM) (Figure 11), laser scanning 
microscopy (LSM), and optical or mechanical profilometers. There are various 
parameters, which characterise surface roughness and topography, e.g. average 
surface roughness (Ra), root mean square roughness (Rq), peak to valley height 
(Rt), and roughness width (Ar).
The AFM works on the principle of atomic interaction between materials, in this 
case between the tip material and the sample material. The tip is connected to a 
cantilever with known stiffness. The probe (tip and cantilever) is oriented at about 
10-15 degrees to the surface. When the tip moves along the contours of a surface 
inter-atomic forces cause the tip to move up and down according to the surface 
structure (Figure 12). This deflects the cantilever, which deflection is measured by 
a laser beam. With this an electronic image can be created on a computer.
About 40 cm
sample
Figure 11: Atomic Force Microscope from web page Digital Instruments, application notes.
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Figure 12: principal of AFM. From web page PACE University of Exeter- AFM
The AFM can be effectively used in air and in liquid, which makes it useful for 
studying biological samples. However, there are various limitations. Scan areas 
have to be small (80pm micrometer max), and the identifiable depth of the surface 
roughness depends on the maximum travel of the scanner, and the resolvable 
surface features are limited by tip geometry. The tip is typically triangular with a 
rounded apex. Therefore deep fissures, shear walls and undercuts cannot be 
imaged properly. Features, which are smaller than the rounded apex of the tip will 
not be imaged correctly either.
The following image (Figure 13) shows a 3D surface structure image of a polished 
titanium surface.
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Figure 13: AFM image for surface roughness and topography of a polished titanium sample. 3x3
pm scan.
Due to the limitations of the AFM, very rough surfaces, like the glass bead blasted 
titanium surface used in this study, and surfaces with very fine roughness peaks 
and undercuts, like the alkali etched + heat-treated titanium surface used in this 
study, cannot be imaged very well. Other techniques such as optical or mechanical 
profilometers (Wennerberg et al 1995, 1997) and confocal laser scanning 
microscopes (CLSM) are available for studying rough surfaces.
In a confocal laser scanning microscope a laser beam is used to scan the sample in 
2D sections (focal planes). By moving the stage horizontally and vertically a 3D 
image can be constructed by stacking up the 2D images. The following picture 
shows the components of a typical confocal laser scanning microscope (Figure 14)
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A TYPICALISCM SYSTEM
Mfe§eute.«
Figure 14: components of a typical CLSM system. Image from Lance Ladic (ladic@cs.ubc.ca)
Surface roughness and topography, however are not enough to characterise a 
surface. Surface chemical composition and surface energy are also important to be 
able to understand chemical processes occurring at the surfaces.
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3.1.2 Surface chemical composition
Surface chemical composition has mostly been studied by X-ray Photoelectron 
Spectroscopy (XPS) (Nishio et al 2000, Mustafa et al 2002, Mahmood and Davies 
2000, Schmidt 2001, Schmidt and Steinemann 1991, Takadama et al 2001, Serro 
et al 1997, 2000, Lima et al 2001, Nanci et al 1998) and Auger Electron 
Spectroscopy (AES) (Hanawa et al 1998, Larsson et al 1996, Sundgren et al 
1986). Surface chemical composition analysis can give information about which 
elements are present at a surface, and how much of each element is present in 
relation to all others. AES and XPS are non-destructive surface analysis methods. 
The basic components of AES and XPS are a source of a primary beam (electron 
beam or x-ray beam, respectively), an electron energy analyser and detection 
system. All of these components are under vacuum (10'8 -  1CT10 mbar) to avoid 
additional adsoiption of gas molecules and to avoid scattering of the low energy 
electrons by residual gas molecules. Additionally a data system (computer 
hardware and software) is needed. The depth of analysis achievable in these two 
methods is a few nanometers.
In AES electrons irradiate the sample. This causes the emission of electrons, 
which ionises the atom. In order to return to a relaxed energy state the core hole 
may be filled by a higher energy electron from an outer shell of the atom. So, to 
actually achieve the correct energy state another electron must be emitted. This 
electron is termed Auger electron. The kinetic energies of these Auger electrons 
are measured, by the spectrometer, to tell which elements are present at a surface. 
The data is presented as a graph of intensity (counts per second) versus kinetic 
energy.
In XPS, x-ray photons irradiate the samples (x-ray source e.g. aluminium or 
magnesium). This causes the emission of electrons. The kinetic energy of those 
electrons is measured by the spectrometer. In XPS the element or atom is 
identified by the binding energy of the emitted electrons. The binding energy is 
calculated by employing following formula (An Introduction to Surface Analysis 
by Electron Spectroscopy, JF Watts 1990) and a graph of intensity (counts per 
second) versus electron binding energy is plotted:
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Eb= hv - Eke -  W
Eb = binding energy
Eke = kinetic energy
hv = energy of the x-ray photon
W = work function of the spectrometer
XPS as surface analysis method provides information not only about which 
elements are present at a surface but can also detect their chemical state (e.g. O1 
in Ti-OH or O2 in Ti0 2 ) by analysing chemical shifts in the binding energy of the 
elements. This is useful for studying the compounds the elements are found in, on 
a surface, e.g. the titanium oxide layer if titanium is bound to oxygen as TiCfy or 
Ti2C>3.
Figure 15: X-ray photoelectron spectrometer, Courtesy of the School of Engineering, Materials,
University of Surrey
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XPS spectra can also be quantified comparatively so that comparisons between 
different surfaces can be made. Figure 16 is an example of an XPS spectrum of a 
polished titanium surface. Oxygen, carbon and titanium can clearly be identified.
Binding Energy (eV)
Figure 16: XPS spectrum of a polished titanium surface, s stands for the atomic orbital s.
XPS can also be used for protein/amino acid adsorption studies. On substrate 
materials not containing nitrogen, the nitrogen signal is generally used as an 
indicator of proteins having been adsorbed. With sulphur containing proteins or 
metal containing proteins these peaks are also used to identify the proteins. The 
time scale of protein/amino acid adsorption and concentration dependent 
adsorption may also be investigated by analysing a series of samples.
3.1.3 Surface energy
Surface energy can be measured via wettability of the surface to show the critical 
surface tension with the aid of the cosine of contact angle versus surface tension 
of corresponding liquid (Kilpadi and Lemons 94). However, it is difficult to 
measure surface energy reliably on rough surfaces. The roughness peaks interfere 
with the real measurement of surface energy.
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Some of the surfaces used in this study were too rough to give an accurate 
measurement of surface energy, thus it would not be useful information and was 
therefore not included in this study.
3.2 Surface analysis of titanium
3.2.1 Titanium and its oxides
Titanium, and metals in general, have a high surface free energy, which firstly 
provokes the adsorption of oxygen to the surfaces, forming an oxide layer, and 
secondly the adsoiption of organic material to reduce surface free energy as much 
as possible. So, when titanium is exposed to air or an oxygen-containing 
atmosphere an oxide layer is formed quickly on its surface. When the surface of 
titanium is analysed, e.g. by X-ray photoelectron spectroscopy (XPS) or Auger 
electron spectroscopy (AES) mainly titanium, oxygen and carbon are found. The 
surface concentration (in atomic %) of these elements can vary considerably 
(Lausmaa 1996). Various other elements, such as silicon, nitrogen, calcium, 
phosphorus, chlorine, or sulphur are often found in small concentrations of around 
1 atomic%, depending on surface treatments and cleaning and sterilisation 
protocols (Kasemo and Lausmaa 1988, Larsson et al 1996).
The titanium oxide layer has an amorphous structure if it is developed in air 
(Hanawa 1999). It has a thickness of about 2-10 nm (Kasemo 1983, Ellingsen 
1998, Albrektsson et al 1983), although this partly depends on the surface 
treatment used and the cleaning and sterilisation procedure and may therefore be 
thicker than stated above (Sul et al 2002). The most common form of oxide 
formed on titanium is Ti02 but TiO, Ti203  may also form (Kasemo 1983, 
Albrektsson et al 1983, Sul et al 2002, Hanawa 1999).
If the oxide layer on titanium is disrupted, e.g. during mechanical insertion of an 
implant into bone, it will reform quickly (Hanawa 1999). In the presence of water 
or hydrogen peroxide (H20 2), which is produced by inflammatory cells -  
necessary for tissue healing-, the outermost layer of the oxide is hydrated to form
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TiO(OH)2 (Tengvall et al 1989, Hanawa et al 1999), which can be seen when the 
chemical composition of the oxygen peak in an XPS spectrum is analysed 
(Lausmaa 1996), the oxygen Is spectrum will then show components of OH and
h 2o.
The following Figure (17) shows a schematic model (drawing not to scale) of a 
hydrated titanium surface.
TiOH3+; TiO(OH); OH ; H20; Ti4+
Figure 17: schematic model of a hydrated titanium surfaces 
3.2.2 Ion adsorption to titanium in vivo and in vitro
In vivo the titanium oxide is exposed to surroundings which contain electrolytes, 
e.g. K+, Ca2+, Na+, Cl\ P04, etc., and proteins/amino acids. These cause the oxide 
layer to undergo remodelling, during which the oxide layer may increase in 
thickness and may adsorb various ions, such as phosphor and calcium (Sundgren 
et al 1986 in vivo study), and proteins/amino acids, e.g. albumin or IgG (Kurrat et 
al 1998 -  in vitro, Ellingsen et al 1990 -  in vitro, Sundgren et al 1986 -in vivo). 
The composition of the oxide layer may change due to its dissolution and 
adsorption of ions and proteins (Hanawa 1999). Sundgren et al (1986) have 
analysed the bone titanium interface of implant retrievals (due to implant fracture 
or psychological problems of the patients) by AES (Auger electron spectroscopy) 
combined with sputter etching for depth profiles. Their analysis showed that the 
oxide layer was increased in thickness compared to unimplanted titanium samples 
and that calcium, phosphorus, and sulphur was incorporated into the oxide. The
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amount of carbon present on the surface had also increased, probably due to 
adsorbed organic material. Sundgren et al suggested that a calcium phosphate 
layer is present in vivo within/underneath the organic material. However, the 
amount of calcium, phosphorus and sulphur has not been quantified and therefore 
it is impossible to know if surface concentration of calcium and phosphorus 
present at the titanium surface was high enough to form an adequate layer to be 
beneficial to osseointegration/bone bonding. It has been shown that 
hydroxyapatite, which is a calcium phosphate, can bond directly to bone (Jarcho 
1992, Porter et al 2002), due to the fact that hydroxyapatite is a major component 
of bone.
To investigate ion adsoiption to titanium in vitro, experiments have been 
performed, exposing titanium to physiological solutions (Frauchinger et al 1999, 
Kim et al 2000, 1997, 1999, Talcadama et al 2001, Lima et al 2001, Hanawa 1991) 
such as SBF (simulated body fluid) or Hank’s Balanced Salt Solution (HBSS), 
which both contain approximately the same concentration of electrolytes that can 
be found in blood plasma have shown that titanium oxide preferentially adsorbs 
phosphate and calcium. Trace amounts of chlorine, potassium, and sulphur have 
occasionally also been identified. Frauchinger et al (1999) were interested in 
which ions are adsorbed first or if one type is needed for the other to adsorb. 
Using AES they investigated calcium and phosphate adsorption from HBSS and 
also separately from a calcium chloride (CaCL) solution and from a phosphate 
solution (Na2HP04 + KH2PO4). Only little calcium was found to be adsorbed 
from the calcium chloride solution compared to the adsorption of calcium from a 
physiological solution. The adsoiption of phosphate ions, however, has not shown 
any difference between the two solutions. Frauchinger et al concluded that 
calcium prefers the presence of phosphate ions to adsorb to titanium; this is in 
agreement with the findings of Hanawa et al (1998), which were that phosphate 
ions were preferentially taken up by titanium from HBSS. The results of 
Frauchinger et al (1999) and Hanawa (1998) suggest that phosphate ions are 
adsorbed first from physiological solutions followed by calcium ions, which may 
bind to the phosphate ions. Calcium would then be available as a ligand for 
proteins with a calcium-binding site. The adsoiption of calcium ions on to the
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phosphate ions is an occurrence mainly seen on titanium and some of its alloys 
(Hanawa and Ota 1991). This is interesting because it might explain the ability of 
titanium to osseointegrate.
It is important to know the sequence of events occurring during the interface 
formation between bone and titanium to be able to fully understand the processes 
involved in osseointegration or bone bonding and maybe to find ways of 
accelerating the process of achieving a strong and stable interface.
Various researchers have reported the formation of a calcium phosphate layer on 
titanium surfaces, which have been exposed to physiological solutions in vitro 
(Frauchinger et al 1999, Kim et al 2000, 1997, 1999, Takadama et al 2001, Lima 
et al 2001, Hanawa 1991, Davies 1996). Hanawa et al (1991) have analysed this 
layer by x-ray photoelectron spectroscopy (XPS) and found that the binding 
energies from this calcium phosphate layer concur with the binding energies of 
hydroxyapatite. However, if the calcium phosphate layer is too thin, it cannot 
show the properties of hydroxyapatite because it is affected by the properties of 
the underlying titanium oxide. It may therefore not bond to bone. The calcium 
phosphate layer needs to be about 1 (im thick to demonstrate hydroxyapatite 
properties (Hanawa 1999). This is the thickness at which hydroxyapatite coatings 
show bone growth inductivity.
Soaking titanium in physiological solution, does however not match the in vivo 
conditions because titanium does not come in contact with electrolytes but also 
with organic material from blood, extra cellular matrix and cells. These conditions 
can be simulated more accurately if a solution containing ions and amino 
acids/proteins is used. Mahmood and Davies (2000) analysed bioglass exposed to 
physiological solution and cell culture medium by XPS. They found a clear 
difference in the spectra. Adsoiption from cell culture medium showed a large 
amount of nitrogen and much less calcium and phosphate compared to adsorption 
from physiological solutions. They concluded that physiological solutions could 
not simulate in vivo conditions. Others (Lima et al 2001, Serro et al 1997, 2000), 
having acknowledged this issue, studied the influence of the presence of the
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protein albumin on calcium and phosphate adsorption to the titanium surface. 
They found that the presence of albumin or fibronectin inhibited the formation of 
a thick calcium phosphate layer. However, calcium and phosphate were still 
present, though not to the same surface concentration; it seemed to co-exist with 
the protein.
3.2.3 Protein/amino acid adsorption to titanium
Proteins are the connecting link between cells and artificial materials. Cells are 
known to be able to bind to other cells and extracellular matrix via surface 
adhesion molecules (Rosales et al 1995). Therefore protein adsoiption to titanium 
is important for cell adhesion to take place. Specific proteins, e.g. vitronectin and 
fibronectin, are needed for cell adhesion because they contain the amino acid 
sequence RGD, which is necessary for cell adhesion to extracellular matrix.
The proteins most likely to be the first in contact with the implant surfaces after 
insertion are plasma proteins such as vitronectin, fibronectin and albumin. 
Therefore several researchers investigated the adsoiption of plasma proteins to 
titanium oxide (Deligianni et al 2001, Lima et al 2001, Deligianni et al 2001, 
Klinger et al 1997, Ellingsen 1991, Kilpadi et al 2001), whereas vitronectin and 
fibronectin are cell adhesive proteins. Kilpadi et al (2001) exposed hydroxy apatite 
surfaces and titanium to serum and found that fibronectin and vitronectin adsorbed 
significantly better to hydroxyapatite than to pure titanium. However, they 
exposed their surfaces to foetal calf serum at 4 ° C. It might have been a stronger 
proposition if they had used the in vivo temperature (37 °C), because that is the 
temperature of blood serum in vivo. Matsuura et al (2000) did just that and 
exposed titanium and hydroxyapatite surfaces to serum at 37 °C. They also found 
that the quantity of adsorbed protein was significantly higher on hydroxyapatite 
compared to titanium, as did Zeng et al (1999). Their results imply that these 
proteins prefer the presence of calcium and phosphate. However, calcium on its 
own seems to have the same impact. Klinger et al (1997) showed that albumin 
adsorbed well to titanium in the presence of calcium or magnesium but did not
Investigations of the bone titanium interface, in vitro 30
LITERATURE REVIEW
adsorb well in the presence of potassium, demonstrating that calcium and 
magnesium both have the ability of bridging the protein albumin to titanium 
surfaces. Without calcium or magnesium present at the titanium surface 
considerably less albumin has been found to adsorb. Protein adsoiption seems to 
occur not only in the presence of calcium but also in the presence of only 
phosphate as shown by Deligianni et al (2001). They investigated adsorption of 
fibronectin and albumin in phosphate buffered saline (PBS) as well as total 
protein adsorption from cell culture medium + 10% FCS to a titanium alloy. They 
reported that more fibronectin was adsorbed to rougher titanium alloy surfaces 
compared to smoother surfaces and that albumin adsorbed better to smoother 
surfaces, whereas Francois et al (1997) reported a decrease in fibronectin 
adsorption with increasing roughness of acid attacked titanium surfaces. The 
choice of protein being adsorbed seems to be partly dependent on the composition 
of the titanium surface (cp titanium vs. titanium alloy) and tlie surface treatment, 
and therefore surface chemical composition, used to achieve a certain surface 
roughness.
Schmidt and Steinemann (1991) and Schmidt (2001) were interested in which part 
of the protein actually binds to titanium. Therefore they investigated the 
adsoiption of specific amino acids onto titanium surfaces at various pH values 
from single amino acid aqueous solutions (purified water). The pH was adjusted 
using NaCl and HC1. Schmidt and Steinemann found that amino acids preferably 
adsorb from acidic solutions. Only one of the 12 tested amino acids, namely 
lysine, adsorbed at physiological pH. None of the acidic or neutral amino acids 
tested have been adsorbed to the titanium surfaces at physiological pH 7.4. The 
amino acid lysine can for example be found in collagen. However, a protein may 
bind to titanium via a sequence of amino acids, like cells bind to the RGD 
sequence in proteins, and not only via a single amino acid. Also, there did not 
seem to be the need for either calcium or phosphate for the amino acid to bind to 
titanium. However, in many cases, impurities, such as calcium, are present at the 
titanium surface from various surface treatments. That could explain why lysine 
was adsorbed to the titanium surface, seemingly without any calcium or phosphate
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present. With either ion present in higher concentrations, other amino acids may 
have been adsorbed as well.
To date, no studies investigating the difference in ion and protein adsoiption, 
under simulated in vivo conditions, of different surfaces treatments of the titanium 
implant surface, using surface chemical composition analysis, have been reported 
yet. Also, the time scale of these events is not clear. More research is needed to 
clarify the processes of ion and protein/amino acid adsoiption to titanium and 
their relevance to osseointegration.
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3.3 The bone-titanium interface
3.3.1 The structure of the bone titanium interface
The structure of the bone titanium interface is considered to be critical for the 
clinical success of osseointegrated implants because it has to provide a stable and 
strong connection between bone and implant material to withstand functional 
loading. The interface structure has been investigated in vivo and in vitro.
In bone, a thin layer of organic material separates each osteon from one another. 
This layer is called “cement line”. Cell processes and collagen fibrils do not cross 
the cement lines. Cement lines can also be found between old and new bone 
including fracture sites. They can be digested by trypsin, which suggests the 
presence of sulphated protein polysaccharide complexes (Fransca 1981 -  Davies
1996). Microscopically, this layer of organic material resembles the layer of the 
interface between titanium and bone, reported by Albrektsson et al (1983), Nanci 
et al (1994), and Davies (1998).
The structure of the bone titanium interface has been investigated in vitro and in 
vivo.
During in vivo investigations of the bone titanium interface, using light 
microscopy, bone with a lamellar structure as been found to be directly apposed to 
titanium implants (Hansson et al 1983, Albrektsson et al 1983, Takeshita et al
1997) in mature interfaces. At higher magnifications, using electron microscopy, 
collagen fibres have been seen to be highly ordered and parallel to the implant 
surfaces at about 1 pm away from the surface. Closer to the implant collagen has 
also been found to be randomly distributed (Albrektsson et al 1983, Linder et al 
1983, Steflik et al 1992). The collagenous matrix has mostly been found to be 
fully mineralised apart from some poorly mineralised areas close to the implant 
surface. Cells with the appearance of osteoclasts have often been seen in these 
poorly mineralised areas, suggesting bone remodelling (Serre et al 1994, Nanci et 
al 1994, Steflik et al 1998). Osteocytes have also been observed close to the
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implant, with its cell processes extending to the surface (Nanci et al 1994, Steflilc 
et al 1992, 1997, 1998, Serre et al 1994, Albrektsson et al 1983).
However, cells, mineralised and unmineralised collagenous matrix have mostly 
been seen to be separated from the titanium surfaces by one or two types of non- 
collagenous layers of variable thickness. Only Listgarten et al (1992) reported that 
collagen fibres made direct contact with titanium coated epoxy resin implants. 
The layer separating bone from titanium has mostly been described as an electron 
dense zone, which stains positive for ruthenium red, indicating the presence of 
glycogen or proteoglycans (Nanci et al 1994, Sennerby et al 1992, Albrektsson et 
al 1983, Steflik et al 1998). The thickness of this layer varies in the literature. 
Some authors stated it to be 20-50 nm thick (Albrektsson et al 1983, Linder et al 
1983, Hansson et al 1983, Takeshita et al 1997), Nanci et al (1994) reported it to 
be between 50-100 nm, Sennerby et al (1992) found it to be between 100-200 nm, 
Davies (1998), Lowenberg et al (1991) and Orr et al (1992) described it as an 
500nm thick layer. Steflik et al (1992, 1997, and 1998) investigated many sections 
of the interface between titanium and bone along the implant surface and found 
the thickness of the electron dense layer to vary along the implant surface (50-500 
nm). Klinger et al (1998) suggested that at immature or remodelling interface 
regions the intervening layer is thicker (500nm) and at mature regions thinner (20- 
50 nm).
Some researchers identified one type of non-collagenous layer; others found two 
types of layers between mineralised bone and titanium (Sennerby et al 1992, 
Nanci et al 1994, Murai et al 1996, Ayukawa et al 1998). An amorphous finely 
granular material has been found adjacent to the implant surface. This amorphous 
zone was separated from mineralised bone in many areas by an electron dense 
layer resembling the lamina limitans or cement lines, which can be seen around 
osteocyte lacunae. Ayukawa et al stated that the two layers had very similar 
morphologies but they could be identified by immunostaining. They used 
antibodies against osteocalcin and osteopontin. Osteopontin has been found 
concentrated in cement lines (Nanci et al 1994, Ayukawa et al 1998), as found 
around osteocydc lacunae and between old and new bone. Ayukawa et al found
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that the amorphous zone, which is adjacent to titanium, strongly labelled for 
osteocalcin but not for osteopontin. The other layer labelled positive for 
osteopontin but not for osteocalcin. In these one or two layers directly at the 
titanium surface various other proteins have been identified, such as bone 
sialoprotein, the plasma protein c^HS-glycoprotein, and chondroitin sulphate 
proteoglycans.
The discrepancies in the reported thickness of this non-collagenous protein layer 
may have occurred due to various reasons. They may be due to different areas 
having been investigated along the implant surface like Klinger et al (1998) and 
Steflik et al (1998) suggested, but maybe also due to reason such as researchers 
having used different kinds of implants in vivo. One being an epoxy resin or poly 
carbonate plug with a titanium coating (Albrektsson et al 1992, Linder et al 1983, 
Listengarten et al 1992), others used pure titanium implants in cylindrical (Murai 
et al 1996, Takeshita et al 1997), screw (Orr et al 1992, Sennerby et al 1992, 
Hansson et al 1983, Steflik et al 1992), or blade shape (Steflik et al 1992, 1997). 
The titanium coated implants might not cause exactly the same tissue response as 
pure titanium implants. The shape of the implant might play a role as well, 
concerning the stability of tlie bone titanium interface after insertion and therefore 
possible micro movements.
Another reason for the differences may be tlie preparation technique of the 
electron microscopy slides. The epoxy resin and polycarbonate implants coated 
with titanium can be cut into ultra thin sections directly with a microtome, 
whereas when pure titanium is used the tissue needs to be removed from the 
metal, e.g. by freeze fracturing (Steflik et al 1998, Sennerby et al 1992, Nanci et al 
1994, Davies et al 1990, Lowenberg et al 1992, Orr et al 1992), or tlie metal has to 
be worn away, e.g. by electropolishing (Sennerby et al 1992), until it is thin 
enough to enable sectioning. There are artefacts due to the preparation technique 
of the electron microscopy slides. Electropolishing may cause the dissolution of 
calcium mineral and the infiltration of titanium into the tissue (Sennerby et al
1992). Freeze fracturing, where the specimens are exposed to liquid nitrogen and 
then to boiling water to achieve different thermal expansion of the two materials,
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which causes them to separate, may cause shrinkage of the tissue and it may 
remove up to lOnm off the interface. Both methods may show an error for the 
dimensions of the bone titanium interface although freeze fracturing seems to be 
favoured in tire literature.
Discrepancies may also occur due to the interpretation of the electron microscopy 
slides, which is difficult and to a certain degree subjective as seen in Cheroudi et 
al (1992) discussion with Steflik.
Differences between the bone titanium interface of in vivo and in vitro (Davies et 
al 1990, 1996, Lowenberg et al 1991) studies maybe due to the maturity of the 
bone titanium interface, which supports Klinger et al (1998) and Steflik et al 
(1998) suggestion. In vitro studies have produced interfaces about 2-4 weeks old 
under unloaded conditions, whereas in vivo interfaces were several months (at 
least 3 -  except for Orr et al 1992) or years (1-8) old and weight bearing. This 
would explain why the thickness of the protein layer described by Orr et al (1992) 
in their in vivo study ties in with the results of Davies et al (1990, 1996) and 
Lowenberg et al (1991) because Orr et al used titanium implants which were in 
situ only for 4 weeks in rats, though one could argue that the interface formation 
in rats may be much quicker than in bigger animals or humans because of their 
shorter life cycle.
The presence of calcium phosphate in the non-collagenous layer at the bone 
titanium interface was reported by many authors who used undecalcified 
microscopy sections for their investigations (Linder et al 1983, Hemmerle and 
Vogel 1996, Davies et al 1990, 1996, 1998, Sundgren et al 1986, Orr et al 1992, 
Loewenberg et al 1991, Cheroudi et al 1992, Hansson et al 1983). Linder et al and 
Orr et al reported having found hydroxyapatite crystals within the non- 
collagenous layer, which sometimes were even seen in direct contact with the 
titanium coated epoxy resin implants (Linder et al) or cp titanium implants (Orr et 
al). Hemmerle and Vogel also identified calcium phosphate crystals, mostly 20 
nm away from the implant surface but sometime directly at the surface. Sundgren 
et al analysed implant surfaces retrieved from human bone by x-ray photoelectron
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spectroscopy and found calcium and phosphorus to be present at all their titanium 
surfaces.
During in vitro experiments, Loewenberg et al (1991) and Cheroundi et al (1992) 
found globular accretions of calcium phosphate in the protein layer at the titanium 
surfaces. Davies et al (1990, 1996) cultured rat bone marrow cells on titanium 
surfaces for 2-3 weeks they also found calcium phosphate accretions in the non- 
collagenous zone at the bone titanium interface (Figure 18). The calcium 
phosphate crystals firstly laid down have been found to be 1 -2  nm in size, but 
increased in size over time.
Figure 18: SEM image of calcium phosphate accretions on titanium in vitro (Davies 1998)
Some researchers did not report findings of calcium phosphate at the bone 
titanium interface, although that may be due to the fact that they used decalcified 
sections for electron microscopy (Ayukawa et al 1998, Albrektsson et al 1983, 
Takeshita et al 1997) in their investigations.
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Branemark and co workers suggested a schematic model for the mature bone 
titanium interface (Figure 19). They describe the interface as follows. On the bulk 
titanium metal an oxide layer is present. The outermost layer of the titanium oxide 
layer is hydrated. This titanium hydroxide layer is separated from cells and bone 
matrix by an accumulation of non-collagenous proteins.
Figure 19: schematic model of the mature hone titanium interface. Drawing by Mr. Frederik
Johanssen
This schematic model is generally accepted except for the missing and debatable 
calcium phosphate accretions within the non-collagenous protein layer and also 
the dimensions of the various layers differ between researchers.
3.3.2 Interface formation
The interface quality between titanium implant surfaces and bone is generally 
considered to be critical. The successful clinical outcome of an implant placement 
depends very much on the characteristics of the interface. The Branemark “ethos”
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is that the initial processes during and following implant insertion are very 
important for the formation of a strong and stable interface.
The detailed mechanism occurring when an implant is inserted into bone is not 
fully known. What is believed to happen is described as follows. During insertion 
of an implant tlie soft and hard tissue at the implantation site is damaged. 
Therefore a healing process needs to take place (see section 2.2.4). The damage to 
the bone during the implant placement should be minimised by a gentle surgical 
technique and cooling of the site of surgery (Albrektsson et al 1983) to minimise 
healing time. Ions and proteins are adsorbed to the implant surface. It is important 
that the appropriate ions and proteins are adsorbed to the implant surface to attract 
bone producing cells and not fibrous tissue producing cells or even inflammatory 
cells. Bone cells adhere to the implant surface via proteins and may produce bone 
matrix directly at the implant surface.
The implant surface seems to be partly responsible for recruitment, attachment, 
proliferation, and differentiation of the cells present at the implant site (Boyan et 
al 1995, Deligianni et al 2001, Bowers et al 1992, Martin et al 1995, Anselme et al
2000). There are different types of biocompatible materials, one is bioinert (does 
not react with the surrounding tissue), the second is osseoconductive (it causes the 
migration of osteogenic cells to an implant surface), the third is osseoinductive (it 
causes undifferentiated tissue to differentiate into bone), and the fourth one is 
bioactive and can chemically bond to bone. Titanium surfaces appear to be 
osseoconductive and are therefore favourable for osseointegration (Branemark et 
al 1977). They seem to have properties, which can attract bone cells or induce cell 
development into mature bone cells closely adjacent to the titanium surface. The 
more mature osteoblasts that can be found at an implant surface, the more osteoid 
can be produced to surround tlie implant and provide stability once calcified 
(Marie et al 1993). Close apposition or even “bonding” of bone to the implant 
surface is thought to be needed to provide a stable fixation of the implant 
(Albrektsson et al 1983, Kim et al 1996).
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Varying the surface treatments used on titanium implants may alter the processes 
involved in the formation of the bone titanium interface. Further knowledge, at the 
molecular and cellular level, of the processes involved in bone titanium interface 
formation is required to enable a more detailed understanding of the mechanism 
of osseointegration and to enable a more detailed appreciation of the mechanisms 
which drive the osseointegration process. This may enable improvements to be 
made to achieve stability quickly and to increase the potential lifetime of 
osseointegrated implants, as well as accelerate the osseointegration process and 
therefore reduce rehabilitation time. In vitro studies are a valuable tool here.
3.3.3 In vitro research
In vitro studies for cellular behaviour on implant surfaces are a common method 
of investigating cell interface phenomena. It allows studying the behaviour of 
single cells and proteins individually and the studies can be arranged in controlled 
environments. In vitro studies cannot replace in vivo investigations, but they can 
be used to mimic aspects of the in vivo response (Davies, CRC Handbook of 
Bioactive Ceramics) and are therefore a useful tool.
Bone cell response, such as cell adhesion, proliferation, and differentiation, to 
titanium surfaces is important for successful osseointegration because the more 
mature (fully differentiated) osteoblasts adhere strongly to the titanium surface the 
more bone matrix can be secreted directly at the implant surface for close 
apposition or even bonding of bone. The implant surface characteristics, such as 
surface roughness, topography and surface chemistry, play an important part in 
cell response (Deligianni et al 2001, Bowers et al 1992, Martin et al 1995, 
Anselme et al 2000). Cells do not interact directly with a material surface; they 
bind to the proteins adsorbed to the surface (Bagambisa et al 1994). Protein 
adsoiption to a material surface occurs within a few minutes, whereas cells take 
longer to reach the surface because they are larger.
To investigate bone cell response to titanium surfaces primary cell cultures and 
cell lines have been used. To keep in vitro research as close to in vivo research as
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possible primary cell cultures, which were derived from living tissue should be 
used, if possible, because cloned bone cells are known to behave differently in 
culture (Itakura 1987). For example growth factors or hormones, such as 
prostaglandin and insulin influence bone tissue in organ culture (Kream et al 
1985), but the tested cell lines were not affected (Kream et al 1986). However, the 
use of primary cultures is not always possible because primary bone cell cultures 
are very sensitive to infections and are more difficult to grow, and also if time is 
limited certain cell lines may be used as well. In the following (section 3.3.3.1) 
methods for both, primary cell cultures and cell lines, which have been used for in 
vitro research on the bone titanium interface are described.
3.3.3.1 Primary cell cultures 
Rat bone marrow culture
In the past, a cell culture system from rat bone marrow has been developed, which 
seems to be able to produce interfaces between implant materials and bone 
matching those found in vivo. This system was firstly introduced to research by 
Maniatopoulos et al (1988), since then other researchers have used it as well 
(Davies et al 1990, 1991, Leitao et al 1998, Loewenberg et al 1991). Hereby, the 
bone morrow from rats is washed out of the femoral epiphyses and cultured in a- 
minimal essential (a-MEM) containing foetal bovine serum, freshly prepared 
ascorbic acid, Penicillin G, Gentamincin sulphate, and Fungizone. If calcification 
of the secreted matrix is needed the medium has to be further supplemented with 
Na p-glycerophosphate (Tenenbaum and Heersche 1981), and dexamethasone 
(DEX - for osteogenic differentiation of cells at physiological level). The cells of 
the bone marrow remain in culture for about one week. The large number of blood 
cells and other non-adherent cells are removed. The adhering cells are removed 
from the plastic culture flasks using trypsin (enzyme). The cells are then seeded 
on to the test surfaces and maintained in a humidified atmosphere.
Primary bone marrow cultures contain a whole population of cells, which form a 
morphologically and biochemically identifiable bone matrix in short-term in vitro 
experiments, hi primary bone marrow cultures only a small percentage of cells are
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osteogenic to begin with, therefore the culture conditions have to provide the 
various stimuli for the cells to differentiate in the right direction by employing 
ascorbic acid. With a few changes of the culture protocol human bone marrow 
may also be used. Human bone marrow would be aspired with a syringe from the 
iliac crest or ribs of human volunteers.
Neonate rat calvaria osteogenic cell culture
Neonate calvaria osteogenic cell culture is another primary cell culture system 
used by some researchers (Cheroudi et al 1992, Bowers et al 1992) for biomaterial 
testing. It was firstly reported by Davies et al (1986) as a modification of the 
method used by Jones and Boyde (1977) who used it for observations of 
osteoblasts migrating over glass fragments. The calvariae of neonate rats are 
removed, the bone may be trimmed to leave only the central parietal squares. For 
calvaria cell cultures Fitton-Jackson’s modification of Bigger’s medium, 
containing foetal calf serum, glutamine, penicillin and streptomycin, and HEPES 
is used. For mineralisation the medium has to be supplemented with 13- 
glycerophosphate and ascorbic acid.
An argument against in vitro experiments is that the cells mostly used are not 
human but from animals (mainly rats) and may therefore not be able to represent 
the in vivo situation in human beings. However, there are now techniques that 
allow the use of human tissue for in vitro research, one being the use of human 
bone marrow as stated above and the other is die use of human bone derived cells.
Human bone derived cell cultures
Beresford et al (Gallagher et al 1983, Beresford et al 1984) have developed a cell 
culture system where cells from explants of human cancellous bone are cultured. 
For this method adult human cancellous bone can be used easily. Usually 
cancellous bone from the femoral head is taken from patients undergoing total hip 
replacement (Shah et al 1999). These cultures are called Human Bone Derived 
Cell (HBDC) cultures. The explants are cut into small pieces and cleaned 
thoroughly. The fragments are then put into culture medium containing foetal calf
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serum, penicillin, streptomycin, L-ascorbic acid, and glucocorticoid. For HBDC 
cultures HEPES buffered Dulbecco’s modification of Eagle’s Medium with 
glucose has been found to be the most favourable culture medium (Beresford et 
al).
Histological examinations have been performed after the cleaning procedure of 
the explants (Gundle and Beresford 1995). It has been found that the explant 
surfaces have still been covered with a thin cell layer (1 -2  cell diameters), and 
matrix, with the occasional patch of bone marrow between the trabeculae. Cell 
proliferation first takes place on the surfaces of the explants. Based on these 
findings, the assumption has been drawn that the cultures are derived from 
proliferative precursors located in contact with the bone surface. Although the 
identity of these cells is not known, it has been suggested that they are closely 
related to the clonogenic, multipotential precursors in bone marrow. This has been 
based on the detection of cells in HBDC cultures, which express the STRO-1 
antigen, which is capable of giving rise to osteogenic precursor cells (Gronthos et 
al in “Marrow Stromal Cell Culture” by JN Beresford and ME Owen). When the 
explants are cultured under the right culture conditions cells will move away from 
the explant and proliferate to a confluent layer after 4-6 weeks.
Figure 20: subconfluent HBDC culture left and confluent HBDC culture right on tissue culture 
plastic. Magnification x 100 (Gundle et al in “Marrow Stromal Cell Culture” by JN Beresford and
ME Owen)
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Evidence for the presence of osteogenic cells in this cell culture system is the 
demonstration of matrix mineralising in vitro and the formation of mineralised 
tissue, which histologically resembles bone when these cells are used in vivo 
(Gundle and Beresford 1995, Gundle, Joyner and Triffitt 1995).
Gundle et al saw the potential clinical application for this cell culture system in 
combination with biocompatible implant materials in fracture non-unions, 
prosthetic loosening with bone loss, and the replacement of large bony defects. 
Another application for this cell culture system may be for in vitro research 
regarding the bone-implant interface.
This primary cell culture system has great potential to be used for in vitro 
osseointegration research because the cells are directly derived from healthy 
human bone and the bone fragments are fairly easy to obtain. Even though the 
cancellous bone is usually taken from the femoral head, cancellous bone from 
other areas, e.g. mandible, may also be used. However, the disadvantages of this 
system are that it is very time consuming (4-6 weeks to confluence) to set up and 
very sensitive to infections, therefore certain cell lines may be and have been used 
(see section 3.3.3.2) as well.
33.3.2 Cell lines
Cell lines have also been used to investigate cell response under various 
circumstances. Cell lines, such as MC3T3-E1 (Itakura 1987), MG63 (Lincks et al 
1998, Schwartz et al 1997, Boyan et al 1995, 1996), G-292 (Bradford et al 2000) 
isolated from animal or human osteosarcoma (e.g.) have been used to investigate 
bone cell response. They have been found to be acceptable models for osteoblast 
cultures, expressing several osteoblastic markers.
Cell lines are much easier to control. Apart from the fact that they are not as 
sensitive as primary bone cell cultures, which are prone to infections, they are also 
much faster to grow. Osteoblast cell lines achieve confluence within one week,
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whereas primary bone cell cultures need 4-6 weeks to become confluent for the 
first time. Culture conditions vary only slightly from primary cultures. Cells are 
cultured in culture medium (DMEM, McCoys) with 10% foetal calf serum, 
glutamine, penicillin and streptomycin at 37°C in a humidified atmosphere of 5%
co2.
3.3.3.3 Bone cell response to titanium
On smooth titanium surfaces (polished) cells, from the human osteosarcoma cell 
line MG63, have been found to be regularly shaped, flattened and well spread. On 
rougher surfaces (e.g. plasma sprayed or blasted) cell morphology was round or 
slightly elongated with cytoplasmic extensions (Martin et al 1995, Boyan et al 
1995, Bowers et al 1992). This suggests that the cells on smooth surfaces can lay 
flat, with the cell body close to the surface, but on rougher surface they have to sit 
on top of the roughness peaks and therefore have to form more cytoplasmic 
extensions to be able to adhere to the surfaces (Figure 21). The topography would 
also be critical then because if the roughness peaks are very broad the cells may 
be able to sit in the grooves, but if they are close together the cells have to sit on 
top of the peaks.
Figure 21: suggested cell shape on smooth (left) and rough (right) titanium surfaces
Some researchers have reported cell number to be smaller on rougher surfaces 
(e.g. blasted titanium) compared to smoother ones (polished) and that the cells on 
rougher surfaces appeared to be further differentiated and showed an increased 
production of bone matrix (Lincks et al 1998, Martin et al 1995, Schwarz et al 
1996, Boyan et al 1995, Anselme et al 2000, Boyan et al 2000). Others, however, 
found an increase of cell number on rougher surfaces, such as hydroxyapatite (HA
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polished with SiC grit paper to various degrees of roughness- Deligianni et al
2001) or sandblasted titanium (Bowers et al 1992). This discrepancy may be due 
to the differences in surface treatments, which were chosen to achieve a certain 
degree of roughness, and therefore differences in surface topography and surface 
chemical composition, or tlie cell culture system. The various cell culture systems 
(different cell lines or primary cultures, animal or human cells) do not necessarily 
have to produce the same results, although mostly they do seem to be similar. A 
smaller number of cells have been found on acid treated titanium surfaces 
(Schwartz et al 1997, Martin et al 1995, Bowers et al 1992). The same degree of 
roughness produced by blasting of titanium surfaces seems to be favorable for cell 
attachment compared to roughness produced by acid etching.
The surface treatment of titanium is important for a favourable cell response. 
Surface chemical composition, surface roughness and topography are important 
factors for cell adherence, proliferation, and differentiation. Therefore surface 
chemical composition and surface roughness/topography need to be documented 
together, if different surface treatments are used, to enable a conclusion to be 
drawn on which surface treatment produces a more favourable cell or bone 
response. So far they have mostly been commented on separately (Boyan et al 
1995, Martin et al 1995, Schwarz et al 1997, Bowers et al 1992). Lincks et al 
(1998) for instance investigated surface chemical composition only of their 
smooth surfaces but not on the rough surfaces implying that the surface 
compositions were the same. This is not necessarily true. Even slight differences 
in manufacturing (e.g. blasting material, lubricant) can cause variations in surface 
chemical composition.
In vitro studies of bone cell response to titanium surfaces are a valuable tool in 
understanding detailed processes involved in osseointegration in the short term, 
regarding variations in surface characteristics. However, to investigate the mature 
bone-titanium interface, animal experiments and implant retrieval studies are still 
necessary.
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3.3.4 Histological and biomechanical evaluations of the bone titanium 
interface
Different surface characteristics of titanium surfaces have been tested with the aid 
of histological and biomechanical methods to investigate bone to metal contact 
and interfacial strength of the mature bone titanium interface.
3.3.4.1 Histological evaluations
The histomorphometric analysis by Wennerberg et al (1995) of screw shaped 
implants inserted into the femur or proximal tibia metaphysis of rabbits revealed 
more bone to metal contact for the titanium surfaces blasted with 25 pm Ti02 
particles (Ra=0.88 pm) surfaces compared to the machined surfaces (Ra=0.39 
pm) after 1 2  weeks of healing with full weight bearing straight after implant 
placement, hi another study (1997) Wennerberg et al investigated bone to metal 
contact to screw shaped titanium implants place in the same way as in the 
previous study after one year of healing. They compared blasted titanium (25 pm 
A12C>3, Ra=1.16 pm) with machined titanium (Ra=0.96 pm). The blasted titanium 
implants again showed a slightly higher bone to metal contact (62% and 50% 
respectively). As in the previous studies, Wennerberg et al (1996, 1995) compared 
titanium implants blasted with 25 pm particles and 250 pm particles. After 4 
weeks healing there was seen a greater percentage of bone to metal contact for the 
surfaces blasted with 25 pm particles than surfaces blasted with 250 pm particles. 
However, after 12  weeks no difference could be found. The reproducibility of the 
surface roughness of machined titanium surfaces seems to be rather unsatisfactory 
in their studies, which does not really allow direct comparisons between the 
studies. Also, blasting the titanium surface with different materials (Ti02 or 
AI2O3) may produce variations in surface chemical composition and may thus 
influence bone response. Surface chemical composition should be considered as 
well when drawing conclusions for a more favourable surface treatment.
Larsson et al (1996) compared screw shaped titanium implants inserted into the 
proximal tibia with machined, machined plus anodised, electro-polished, and 
electro-polished + anodised surfaces concerning bone to metal contact. They
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found bone to metal contact of machined implant surfaces to be greater after 1 
week compared to the other surfaces. Within three weeks there were no significant 
differences seen between the surfaces, but after 6 weeks the electro-polished 
implants were found to have the least bone to metal contact of the four tested 
surfaces. Machined plus anodised surfaces, which were the roughest surfaces, had 
the greatest contact area.
Hartwig et al (1995) investigated bone to metal contact for cylindrical titanium 
implants with various surface structures in dogs (femur condyles). The corundum 
blasted surfaces showed an average surface roughness of about 20 pm; the second 
type of surface had additionally to the blasting roughness a macro surface 
structure of screw-like grooves of 200 pm depth. The third type of surface was 
hydroxyapatite coated with a roughness of about 45pm. The dogs were allowed 
full weight bearing straight after implant insertion. Bone to metal contact was 
found to be similar (about 50%) for all types of implant surfaces after 12 weeks of 
healing. The roughness of the implant surfaces Hartwig et al used were much 
higher compared to the surfaces used in Wennerberg et al, but the results for bone 
to metal contact after 12 weeks were still similar. This may suggest that surface 
roughness on this level affects bone to metal contact only in the short term for 
rough surfaces. However, the shape of the implants (cylinder, screw) may play a 
role regarding implant stability after insertion. Bone to metal contact may not be 
as great if the primary stability of the implant is affected by the shape of the 
implant.
Hydroxyapatite coatings are thought to be favourable for bone to metal contact 
because they enhance bone growth (Callaghan 1993, Ducheyne and Qiu 1999, 
Block et al 1987). However, Hartwig et al (1995) did not find a higher percentage 
of bone to metal contact to the coated implants in their study comparing HA- 
coated titanium surfaces with corundum blasted titanium surfaces. Hydroxyapatite 
coatings of titanium implants have been used for orthopaedic implants. Although 
hydroxyapatite coatings enhance bone growth in the short term, degradation of the 
HA coating and fracture of the interface between titanium and the coating have
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been observed (Jarcho 1992, Callaghan 1993 (review)). This suggests that the HA 
coating is not strong enough to withstand in vivo loading long term.
It has also been suggested that chemical treatment of titanium surfaces enhances 
bone growth (Pebe et al 1997, Klokkevold et al 1997, and D’Lima et al 1998). 
Pebe et al (1997) compared screw shaped titanium implants with machined, 
blasted and acid etched surfaces. The implants remained unloaded for 4 months 
and then loaded for another 4 months in dog mandibles. Acid etched implant 
surfaces showed higher bone to metal contact compared to the blasted surfaces, 
59% and 38.5% respectively. However, neither the actual roughness values were 
given, just an increasing roughness from machined to acid etched, nor did they 
describe the blasting medium or the duration of treatments (especially for acid 
etching) or the surface chemical compositions. Thus, it is difficult to actually 
compare this study with others. D’Lima et al (1998) tested press fitted cylindrical 
implants with acid etched (HC1/ H2SO4), grit blasted, and fibre mesh surfaces in 
their experiments. The surface roughness was 18pm, 6pm, and 400pm, 
respectively. Acid etched surfaces also demonstrated greater bone to metal contact 
compared to tlie other two surfaces.
The surface roughnesses vary a lot between the different authors, even if 
apparently the same surface treatment was used. For bone to metal contact surface 
roughness does not seem to be the only factor. Surface chemical composition 
appeal's to be important as well. Any surface treatment of titanium surfaces may 
alter the surface chemical composition. Therefore it would be important to include 
it into the studies as well.
Another chemical treatment is alkali treatment with sodium hydroxide (NaOH), 
which has been investigated by various authors (Nishiguchi et al 2001, 1999, Yan 
et al 1997, Kim et al 1997, Fujibayashi et al 2001, Skripitz and Aspenberg 1998). 
The treatment of titanium with sodium hydroxide (NaOH) induces the formation 
of a sodium titanate hydroxide/hydro-gel layer (HTi03' + Na+) (Kim et al 1997) 
by hydrating the titanium oxide layer and incorporating sodium ions into the 
hydroxide layer. This is supposed to transform the inert titanium surface into a
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bioactive surface (Kim et al 1996, 1997, 1997, 1999, 2000, Takadama et al 2001, 
Yan et al 1996), which can chemically bond to bone (Hench and Andersson
1993). The sodium titanate hydrogel layer is not mechanically stable and may 
therefore be scratched off and thus loose its bioactivity. To stabilise this sodium 
titanate hydro-gel the alkali etched titanium surfaces are heat-treated at 600 °C for 
24 hours. This dehydrates and densifies the hydro-gel and transforms it into a 
mechanically stable alkali titanate layer (Kim et al 1996, 1997, 1997, 1999, 2000, 
Takadama et al 2001, Yan et al 1996). When the heat-treated alkali etched 
titanium surface is exposed to a physiological solution the sodium titanate layer is 
hydrated again, exchanging sodium ions from the surface with H30 + ions from the 
solution to form hydrated titanium Ti(OH)4. This causes an increase in pH in the 
surrounding fluid and gives easy access to OH', which leads to an increase in the 
ion activity product of apatite according to the following equilibrium in SBF 
(Gamble 1967).
10 Ca2+ + 6 P04‘ + 2 OH -> Cai0(PO4)6(OH)2 (Hydroxyapatite)
A sufficient number of OH' ions are thought to be needed to trigger nucleation of 
hydroxyapatite (Kitsugi et al 1996).
The apatite forming ability of the alkali etched and heat-treated titanium surfaces 
has been shown by various researcher by exposing it to physiological solutions 
(SBF, HBSS) (Kim et al 1997, 1999, 2000, Takadama et al 2001, Yan et al 1996). 
However, the in vivo environment not only contains ions but also proteins, which 
may affect the apatite forming ability.
Bone to metal contact is not the only important factor regarding the bone titanium 
interface. Interfacial strength, which can be tested by bioinechanical methods, is 
also very important.
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3.3.4.2 Biomechanical evaluations
Interfacial strength of the mature bone titanium interface depends on the tensile 
bond and the degree of mechanical interlocking between living tissue and implant 
surface. Many researchers using different biomechanical tests, in animal 
experiments, have investigated the strength of the mature interface between bone 
and titanium with various surface characteristics. There are pull-out tests 
(Branemark et al 1997, 1998, 1998), push-in/out tests (Brosh et al 1995, 
Nishiguchi et al 2001, Wong et al 1995), removal torque tests (Carlsson et al
1988, Carr et al 1997, Buser et al 1998, Branemark et al 1997, Klokkevold et al 
2001, 1997, Lee et al 2002), and tensile adhesion strength tests (Edwards et al 
1997, Fujibayashi et al 2001, Nishiguchi et al 1999, 1999, Kim et al 1997, 
Skripitz and Aspenberg 1998, Yan et al 1997, Ronold and Ellingsen 2002).
At immature interfaces the cell adhesion to the implant surface is important. Cell 
adhesion to different materials and surfaces with varying surface characteristics 
has been tested, using various methods. Techniques that have been used are 
enzymatic detachment (Anselme et al 1998, 1999, 2000) and number and 
distribution of cell adhesion proteins (Anselme et al 1999, 2000, Schneider and 
Burridge 1994, Sinha and Tuan 1996, Shah et al 1999), micro-needles to detach 
single cells (Coman et al 1961), micro cantilever to shear off single cells 
(Yamamoto et al 1998, Athanasiou et al 1999), laminar and turbulent fluid flow 
chambers (McAllister and Frangos 1999), rotating disks (Weiss 1961, Garcia et al 
1997, Cargill et al 1999), and centrifugal accelerations (Easty et al 1960, Lotz et al
1989, Derhami et al 2000, Thoumine et al 1996).
In the following the different biomechanical tests are explained in more detail, the 
strength of the mature interface in section 3.3.4.2,1, and cell adhesion in section 
3.3.4.2.2.
Investigations of the bone titanium interface, in vitro 51
LITERATURE REVIEW
3.3.4.2.1 Interfacial strength of the mature bone titanium interface 
Pull-out and push-in/out test
For the pull out and push in test the implant is pulled out of, or pushed in/out to/of 
the bone normally to the surface. The pull out, push in/out loads can be measured 
by a force/displacement transducer. During these tests a curve of force versus 
displacement may be plotted (Figure 22).
Figure 22: graph from a pull out test (R. Branemark et al 1998)
Possible interpretation of the force vs. displacement curve (Branemark et al 1997, 
1998, Brosh et al 1995):
> Peak force
Force needed to break the implant loose from the bone. This is the 
highest point in the graph.
> Pull out displacement
This can be seen on the horizontal axis. This indicates how far the 
implant has been pulled out.
> Strain area
This is the area underneath the curve and describes the strain energy 
during the process
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> Stiffness of the interface
This is indicated by the steepness of the rising slope. The steeper the 
slope the stiffer is the interface.
Pull out and push in/out tests are really more concerned with the quality of the 
surrounding bone, than with the interfacial strength directly because of 
mechanical interlocking between bone and the surface structure of the implant. 
This is especially hue for screw shaped implants. The peak force would then 
measure the break point of bone around the tips of the screw threads. Therefore 
the pull out and push out/in tests are not reliable tests for assessing interfacial 
strength between screw-shaped implants and bone. Even for comparing rough and 
smooth surfaces on cylindrical implants they are not reliable because direct 
mechanical interlocking of the surface roughness peaks with the surrounding bone 
of rough surfaces is only a minor factor in the nature of this crude test method.
The displacement of 1mm in Figure 22 of the implant, prior to breakout, is 
perhaps larger than expected. The surrounding bone was well supported with a 
cylindrical hemisphere while the implant was pulled out; hence it is not likely to 
be an artefact of sample movement or gross distortion.
The interpretation, that the steepness of the slope in the curve of force vs. 
displacement (Figure 22) indicates the stiffness of the interface, is unlikely 
because the pull out test does not measure interfacial strength but the strength of 
the surrounding bone, approximately on the perimeter of the outer screw diameter. 
The authors did not offer any comment on the apparently lower stiffness within 
the first 0.1 mm of displacement during the pull out test performed by Branemark 
et al (1998). A lower stiffness may indicate a not completely stable interface, but 
possible micro movements between implant and bone, or may reflect initial matrix 
distortion in the bony material, a function between cortical and cancellous content. 
Obviously this balance will be dependent on the actual bone sample used and 
remains a source of variability in such tests.
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The alignment of the implant with surrounding bone for the biomechanical testing 
is difficult. Brosh et al (1995) removed a bone block and embedded it into resin to 
achieve proper alignment (normal to the bone surface) for the push in test. When 
using this technique the bone surrounding the implant directly is not supported, 
this may cause the entire bone block to bend slightly before the implant comes 
loose. Nishiguchi et al (2001) designed a special metal platform, for a bone block 
to be mounted upon, with a central circular opening for the implant to fit through, 
to achieve alignment of the implant and support of the surrounding bone for their 
push out tests. However, it is questionable how secure the positioning of the 
implant is, when using this technique. Branemark and Skalak (1998) developed 
test equipment for torsion and pull out tests. They inserted three screw-shaped 
titanium implants in a line and left them to heal. During the torque test the 2 
outside screws have been fixed to the torque test jig and the central screw has 
been tested in torsion (Figure 23 right). During the pull out test an outside screw is 
tested (Figure 23 left). A spherical cap has supported the surrounding bone. 
Alignment of the implant to the test machine has been achieved by connecting the 
test equipment not only to the tested implant but also to a second implant or all 
three.
t :I jl
Figure 23: pull out (left) and torque out (right) equipment of Branemark and Skalak
(1998)
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Torque out test
For the torque test the implant is rotated around a vertical axis though the centre 
of the implant normal to the bone surface. The removal torque is measured with a 
torque gauge or an axial-torsional load transducer. A graph of force versus angle 
of rotation may be plotted during the torque out test (Figure 24, Branemark et al
1998).
Figure 24: graph force versus angular displacement from R. Branemark et al (1998). A force was 
applied until breakpoint, then released and applied again.
Possible interpretation of the torque vs. angular displacement curve (Branemark et 
al 1998)
> Breakpoint
After this point there is a plastic deformation between implant and bone 
when the torque is released.
> Angular displacement
This shows the angle of rotation of the implant during the applied torque.
> Torque
This is the moment needed to rotate the implant.
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Buser et al (1998), Kloklcevold et al (2001, 1997), and Lee et al (2002) gave the 
highest moment needed during the torque out test as the break point and not as 
Branemark et al (1998) the point after which there is plastic deformation in bone, 
and the force still rises by further rotating tlie implant. It is not clear why the 
moment, needed to rotate the implant, does not drop after the break point (Figure 
24). This should happen if the interface between implant surface and bone was 
broken. Other researchers than Branemark et al (1998) did not show graphs of 
moment versus angular displacement, so it is not clear if the moment needed to 
rotate the implant further has dropped after the break point.
Again the alignment of the implant to the test equipment is important to ensure 
and implant removal only by torsion. Carlsson et al (1988), Lee et al (2002), and 
Kloklcevold et al (1997, 2001) used a hand held torque gauges in their removal 
torque study. This does not allow for proper alignment because the torque gauge 
is not fixed in a specific position, only the bone piece with the implant was 
stabilised. The most favourable set up for removal torque and pull out and push 
in/out testing is a test machine where the specimen can be mounted and aligned 
properly (Buser et al 1998, Branemark and Skalalc 1998).
The torque test is a better test for investigating interfacial strength than the pull 
out test because the implant is rotated within the bone and is not pulled against 
bone. However, mechanical interlocking still needs to be taken into account, 
because of implant geometry and surface structure. It is not clear in the literature 
if the torque tests were performed with spiral withdrawal or without, although it 
may not really be relevant if tlie angular' displacement of the implants at break 
point is only small (a few degrees).
Tensile loading test
Various researchers have used the tensile loading test to investigate adhesion 
strength between living tissue and implant surfaces with various surface structures 
(Fujibayashi et al 2001, Nishiguchi et al 1999, 1999, Kim et al 1997, Skripitz and 
Aspenberg 1998, Yan et al 1997, Ronold and Ellingsen 2002, Edwards et al
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1997). Yan et al (1997), Nishiguchi et al (1999) and Fujibayashi et al (2001) press 
fitted titanium plates into the tibia of rabbits. The plates have protruded out of the 
bone on both sides (Figure 25). Fascia and skin have been closed over the 
protruding implants in layers. For the tensile loading test the bone piece 
containing the implant has been harvested and prepared for testing by removing 
bone, which encapsulated the protruding implant parts, to ensure that the tensile 
loading test only tested the interface between bone and implant. After various 
healing periods the bone pieces have been pulled apart by applying a force normal 
to the implant surface (Figure 25). The detaching load has been measured when 
the implant was detached from bone using an Instron-type autograph.
Figure 25: implant position and tensile test (Nishiguchi et al 1999)
Skripitz and Aspenberg (1998) have fixed a circular plate onto the outside of the 
tibia into a depression. A titanium holder, attached to bone by two screws, has 
kept the pull-away plates in place (Figure26). After a healing period (4 weeks) 
the circular plates have been pulled off normally to the bone surface. The 
detaching load has been measured, using a transducer, as the highest force needed 
to loosen the implant from bone.
Investigations of the bone titanium interface, in vitro 57
LITERATURE REVIEW
Tibia
Figure 26: schematic drawing of the set-up for the tensile loading test by Aspenberg and Skripitz
(1998)
Edwards et al (1997) and Ronold and Ellingsen (2002) used a similar set-up. They 
have attached HA-coated titanium disks or cp titanium, respectively, to the outside 
of rat/rabbit tibiae. The implants have been stabilised by a metal plate fixed to the 
bone by screws. Both research groups have measured the pull away load of the 
implant using a material testing machine and a load cell. The largest load has been 
recorded as the detachment load. Ronold and Ellingsen achieved correct 
alignment of the implant to the load cell (testing machine) by using a level tube.
The tensile loading test, with correct alignment to avoid extrinsic shear loading, is 
the only interfacial strength test, which actually measures the adhesion between 
living tissue and bone because only with this test mechanical interlocking between 
bone and implant surface is eliminated. The only exceptions are surface structures 
with undercuts. The alignment of the specimen tested is crucial. The implant 
surface, which is in contact with bone, needs to be perpendicular to the direction 
of the pull-off load.
All the above-mentioned biomechanical tests have been used to evaluate the 
stability of titanium implants with different surface characteristics in bone.
Investigations of the bone titanium interface, in vitro 58
LITERATURE REVIEW
Hartwig et al (1995) have tested cylindrical titanium implants with corundum 
blasted, corundum blasted + macro grooves, and HA coating, inserted into dog 
femurs, after 3 months healing, using push out tests (no external loading). The 
peak force has been recorded during the pull out test. The combination surface 
stinctures have achieved the highest peak force (1156 N), followed by the HA- 
coated surfaces (1122 N). The simply blasted surfaces have achieved significantly 
lower pull out forces (612 N). This may have been expected because the 
roughness of the combination surface and the HA coated surfaces was much 
higher (20pm + 200 pm, and 45 pm respectively, compared to 20pm for blasted 
surfaces). Also the combination surface is comparable to a screw design, which 
allows greater mechanical interlocking. HA coated titanium surfaces are able to 
chemically bond to bone and may therefore show greater resistance against pull 
out.
Brosh et al (1995) have investigated screw shaped titanium implants (surface not 
specified, but most likely machined) inserted into the mandible of dogs (no 
external loading). Push-in loads have been compared at day of placement and 3 
months later. Maximum forces needed to push-in the implants have been 
measured. The average force necessary at day of placement has been found to be 
813 N and after 3 months of healing 1194 N. During the 3 months healing, bone 
had most likely grown into the screw threads of the implants, and therefore 
increased the mechanical interlock. The forces necessary to push in the titanium 
implants found by Brosh et al were similar to the forces found by Hartwig et al for 
the pull out of the titanium implants with the combination surface, which implies 
that the micro surface structure of the implants is not the determining factor for 
push-out/in or pull out force.
Wong et al (1995) compared cylindrical titanium implants with fine-blasted, 
rough-blasted, and rough blasted + acid etched surfaces, and HA coated surfaces, 
inserted into the femur condyles of miniature pigs for 3 months (no external 
loading), using the push out test. They have reported that the highest force 
(approx. 850 N) was needed for the HA coated implants, followed by the rough 
blasted + acid etched surfaces (400 N). The HA coated implants had the roughest
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surface, which again implies mechanical interlocking as the most important factor 
for push out strength.
Nishiguchi et al (2001) tested cylindrical cp titanium implants with alkali etched + 
heat-treated and machined surfaces, inserted into the femur of dogs, after 3 
months of healing (no external loading), using push-out tests. They reported the 
shear strength of pushed-out alkali etched + heat-treated titanium implants to be 
around 3.5 MPa and of the machined implants only around 1.2 MPa. The 
roughness of both of those titanium surfaces has been found to be similar, only the 
topography was very different, as well as surface chemical composition. This 
implies that topography and surface chemical composition of the implant surface 
is also important. Nishiguchi et al did not report the interface area used to 
calculate shear strength; therefore it is not possible to directly compare their study 
to the previously described ones. However, the result of the alkali etched + heat- 
treated titanium surfaces showing an almost 3 times higher shear strength 
compared to machined cp titanium surfaces supports the assertion of the Japanese 
group at the Kyoto University that alkali etching of titanium implants accelerates 
and improves osseointegration.
Branemark et al (1997) investigated pull out strength of screw type cp titanium 
implants with machined surfaces, inserted into the proximal tibia of rats (no 
external loading), after various lengths of healing (0-16 weeks). They have found 
the pull out load directly after insertion to be 32 N and after 16 weeks of healing 
105 N. Pull out load has been found to rise with increasing healing time. A longer 
healing period of bone surrounding a threaded implant enables bone to grow into 
the threads and thus increase mechanical interlocking. In another experiment 
Branemark et al (1998), using dogs, they have tested threaded cylindrical cp 
titanium implants with machined surfaces, after a healing period of 14-18 weeks. 
The average pull out load has been found to be 1.5 kN. A reason for the difference 
in value of the pull out loads between the previously mentioned authors and the 
two studies by Branemark et al may be the use of different animals (dogs, 
miniature pigs, or rats), whereas smaller animals most likely produce lower 
values.
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Branemark et al (1997, 1998) were aware of the argument that pull-out strength is 
more dependent on the properties of the surrounding bone than on the strength of 
the actual interface, therefore they have also performed torque out tests in tlie 
same study, assuming that it primarily tests interfacial strength. However, this is 
not necessarily true because, as previously stated, the degree of the mechanical 
interlock between surface structure (roughness, topography) and bone needs to be 
taken into account as well. Branemark et al (1997) have reported that the 
maximum torque, needed to rotate the implant (in rats), had increased from 25 x 
IO-3 Nm, after insertion, to 65 x 10"3 Nm after 16 weeks of healing, and in their 
study from 1998 the maximal torque needed (in dogs) has been stated to be 0.43 
Nm. Again the differences in values most likely occurred due to the use of 
different animals.
Wennerberg et al (1995) have tested screw shaped implants with machined, and 
two blasted surfaces (one with 25pm Ti0 2  particles, and one with 75pm AI2O3 
particles), after 1 2  weeks of healing in rabbit bone (femur or proximal tibial 
methaphysis), using the torque test. They have not found a significant difference 
in the range of torque needed to rotate the implants. The average torque values 
have been given at 0.28 Nm, 0.35 Nm, and 0.32 N111, respectively (machined, 
blasted (25pm), blasted (75pm)). Carlsson et al (1988) have performed torque 
tests on screw shaped titanium implants with polished and machined surfaces, in 
rabbits after 6 weeks of healing. Their findings were that a higher moment was 
needed to rotate the machined titanium surfaces compared to polished surfaces 
(0.26 Nm and 0.17 Nm, respectively). Carr et al (1997) have found that the 
plasma sprayed titanium surfaces demonstrated a resistance to torque almost twice 
as high as machined titanium surfaces (1.38 Nm and 0.76 Nm, respectively), after 
6 months of healing in the jaw of baboons. Kloklcevold et al (1997, 2001) have 
compared acid etched and machined titanium surfaces (1997) or acid etched and 
machined and plasma sprayed (2001) inserted into rabbit bone, with 2-3 months 
healing, using torque tests. Acid etched titanium surfaces have showed 4 times 
higher removal torque values than machined surfaces (0.07 Nm), but plasma 
sprayed surfaces have showed more than 8 times higher torque values compared
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to machine titanium surfaces. All of the previously described experiments 
demonstrate that the roughest surfaces show the highest removal torque, which 
implies that the moment necessary to rotate an implant depends on the 0 of its 
surface roughness. The actual value of the torque depends strongly on the type of 
animal used in the experiments.
In order to try to exclude the possibility that surface roughness parameters 
interfere with interfacial strength measurements between bone and titanium, 
tensile strength tests have been performed. The Japanese group from the Kyoto 
University (Kim et al 1997, Nishiguchi et al 1997, 1999, Fujibayashi et al 2001, 
Yan et al 1997) have tested the tensile strength between bone and alkali etched + 
heat-treated titanium implants, press-fitted into rabbit tibiae, and compared them 
to polished titanium implants. The alkali etched + heat-treated titanium surfaces 
always exhibited at least 3 times higher failure loads. Alkali etched + heat-treated 
titanium implants demonstrated a similar failure load at 4 weeks as polished 
surfaces at 16 weeks. This implies that osseointegration was accelerated and 
interfacial stability improved by the alkali etching and heat-treating. However, the 
surface topography of the etched titanium surfaces is such that there may be 
undercuts, which could increase tensile adhesion strength if bone had grown into 
them, although it does not seem very likely because the actual surface roughness 
is very low and thus bone may not be able to grow into the roughness peaks.
Edwards et al (1997), Skripitz and Aspenberger (1998), and Ronold and Ellingsen 
(20 0 2) used circular plates, placed on the jaw of rabbits, tibiae of rats and rabbit 
tibiae, respectively, and held in place by plates screwed to the bone on either side. 
Edwards et al have investigated the tensile strength on highly polished HA to 
bone. The hydroxyapatite has been polished to enable studying the strength of the 
actual chemical bond between bone and hydroxyapatite, by avoiding any 
mechanical interlock due to the smooth surface. They have found that the average 
of pull away loads have increased from about 1 N at 33 days after implant 
placement to about 18 N (0.85 MPa) after 88 days of healing. However, 
increasing the surface roughness of bioactive surfaces may not cause any 
mechanical interlocking regarding tensile strength but simply enlarge the surface
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area and therefore provide a larger bonding area, which may increase interfacial 
strength.
Skripitz and Aspenberger compared polished titanium and alkali etched + heat- 
treated titanium surfaces, using tensile loading tests. They have measured the pull 
away load of the implants after 4 weeks of healing. The alkali etched + heat- 
treated titanium surfaces have demonstrated a much higher detachment load (0.27 
MPa) than the polished titanium surfaces (0.01 MPa) although the bone to 
material contact area has not been found to be much different. This implies that 
there is actual chemical bonding between bone and implant surface, which 
increases interfacial strength. Ronold and Ellingsen tested blasted (Ti02) titanium 
surfaces and found the average pull away load to be about 5 N (0.11 MPa). The 
healing period was not given for this study; therefore it is not directly comparable 
to the previously mentioned studies.
Tensile adhesion strength clearly shows a dependency on surface treatments. Very 
smooth surfaces, such as polished titanium show the lowest adhesion strength, 
whereas rougher surfaces demonstrate higher adhesion strength, probably due to 
an enlarged surface area. Surface chemical composition seems to be important 
because hydroxyapatite, which is a bioactive material (material that causes 
chemical interactions between biological tissue and its surface and results in 
collagen interdigitating with the chemically active implant surface), and alkali 
etched + heat-treated titanium surfaces, which are believed to be bioactive to a 
certain degree, demonstrate higher tensile adhesion strength, although surface 
roughness is not greater. This implies that there is a chemical bond between bone 
and implant surface.
All these interfacial strength tests are valuable, but to be able to influence 
interfacial strength between bone and titanium in the long term, the primary 
events that lead to the interface formation need to be investigated, one of which is 
cell adhesion to the titanium surface.
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3.3.4.2.2 Cell adhesion strength at the immature bone titanium interface 
Cell adhesion
Two types of cell adhesion have been identified in tissue culture. They have been 
referred to as (i) focal contacts and (ii) close contacts and can be distinguished by 
the distance the cells are separated from the substrate surface.
A cell adhering by focal contacts are typically separated from the substratum 
surface by a gap of 10-15 nm (see Figure 7 right). Individual regions, composed 
of well-characterised proteins called integrins, form focal contacts between cells 
and extracellular matrix components, which have been adsorbed to the substrate 
surface. For close contacts the gap has been found to be 30-100 nm. Close 
contacts may extend over large regions (Izzard and Lochner 1976, Burridge et al 
1988, Schneider and Burridge 1994).
Living cells are considered to be adherent if a force is needed to detach a cell from 
a surface. Cell adhesion has been investigated by various techniques.
Enzymatic detachment and adhesion proteins
One technique that has been used in the past to test cell adhesion is enzymatic 
detachment (Anselme et al 1999). Cells are detached from surfaces by treating 
them with an enzyme (trypsin), which digests adhesion molecules, for a defined 
period of time. The numbers of released cells are counted and a curve of the 
percentage of released cells versus trypsination time is recorded. The assumption 
is that cells released after a longer trypsination time are adhered stronger. 
Anselme et al (1999) reported that tlie trypsination time for osteoblasts adhering 
to stainless steel and titanium surfaces were similar, and therefore they concluded 
that the adhesion strengths was similar too.
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Another cell adhesion test is to investigate the expression of focal contacts 
between cells and substrate surface by staining focal adhesion proteins (Figure 
27), such as vinculin, talin, and integrins (Schneider and Burridge 1994), with the 
assumption that more focal contacts provide stronger cell adhesion (Anselme et al 
1999, 2000, Schneider and Burridge 1994, Sinha and Tuan 1996, Shah et al 1999).
Figure 27: cell stained fluorescent for focal adhesion proteins. Picture from Sinha and
Tuan 1996
Anselme et al (2000) investigated focal contact formation of osteoblasts on 
titanium alloys of various roughness. On smooth surfaces focal contacts have been 
found to be evenly distributed on the membrane surfaces, but on rough surfaces 
focal contacts have only been identified on the extremities of cellular extensions. 
The number of focal contacts on rough titanium alloy surfaces has been found to 
be lower compared to polished surfaces. According to those findings, Anselme et 
al concluded that osteoblast adhesion on polished titanium alloy is stronger than 
on rough titanium alloy surfaces. However, this is only an assumption because the 
actual mechanical strength of the cell adhesion was not tested.
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Micro needle
Other methods, for testing cell adhesion, which actually try to measure 
mechanical strength of cell adhesion, have also been used. Coman (1961), for 
example, used a micro needle drawn from glass to detach a cell from another cell 
or from a surface. The micro needle is calibrated so that the bend of the needle 
relates to the applied force. Here, the forces applied to detach the cells is localised 
to a small area of a cell, which is not the case in vivo, this causes high local 
stresses, which are difficult to measure, and may lead to rupture of the cell. The 
same effects occur when a micropipette is used to pull cells off a surface.
Micro cantilever
A further method for cell detachment (Figure 28) is employing a micro cantilever 
to directly push off single cells from a surface (Yamamoto et al 1998, Athanasiou 
et al 1999).
Figure 28: micro cantilever system for single cell detachment from Yamamoto et al 1998
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A curve of force versus displacement can be recorded by measuring the deflection 
of the cantilever, while it is pushing the cell off the surface (Figure 29) The 
highest point in the curve is considered to be the cell detachment force 
(Yamamoto et al 1998, Athanasiou et al 1999).
displacement of XY-stege
Figure 29: graph of force versus displacement from Yamamoto et al 1998
Athanasiou et al tested the adhesion strength of chondrocytes to glass cover slips 
using a micro cantilever. They have reported the typical detachment force to be 
around 2.0 x 10 8 N. Yamamoto et al investigated fibroblast adhesion to glass. 
Typical forces applied to detach fibroblasts from glass have been found to be
7 _around 3.5 x 10 N. The discrepancies in detachment forces of those two studies 
are most likely due to the use of different cells.
For this type of cell adhesion strength test the surfaces, the cells adhere to, need to 
be very smooth because the cantilever has to move along the surface very closely 
to be able to push to whole cell along the surface and not only the top of the cell. 
With a rougher surface the roughness peaks would most likely interfere with the 
measurement. Also, when using this technique for cell detachment, one has to be 
aware of the deformation the cells experience. The cells are firstly squeezed 
together before they finally detach. If the cantilever is not as broad as the cells 
then the cells are indented and there is even a possibility for the cells to be cut in 
pieces, and also the detachment process then involves pushing, pulling and 
peeling of the cells.
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Rotating disks
Weiss (1961) used two parallel disks, rotating the upper disk against the bottom 
one, with cells in between, immersed in fluid to create forces acting tangentially 
on the cells, to detach cells (Figure 30) from a surface. The force acting on a cell 
would be calculated by taking into account the velocity of the rotating disk, the 
viscosity of the fluid, the distance of the cell from the centre of rotation, and the 
separation distance of the two disks.
Figure 30: two disks system for measuring cell adhesion from Weiss 1961
With this method only shear forces can be investigated. However, the velocity of 
the fluid between the two disks will be lower directly at the surface of the bottom 
disks, where the cells are attached, than in the middle of the two disks. This may 
cause problems when calculating the actual forces acting on the cells.
Garcia et al (1997, 1998), Deligianni et al (2001) and Cargill et al (1999) used 
only one rotating disk in a fluid chamber to detach cells by hydrodynamic drag 
and torque (Figure 31). Garcia et al have investigated adhesion strength of 
osteoblast like cells to bioactive glass. They have reported that about 50% of
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adhering cells could withstand forces of approximately 8 x 10'7 N (2 N/m2). 
Cargill et al have used the rotating disk to study adhesion strength of glioma cells 
to glass substrates. They have reported the maximal shear stress (border between 
cells still adhering to the surface and all cells detached) to be about 0.6 N/m2. 
Deligianni et al have tested cell adhesion strength of human bone marrow cells to 
hydroxyapatite surfaces with different degrees of surface roughness. They have 
found that cells on the roughest hydroxyapatite surface (Ra=4.6 pm) showed the 
highest resistance to shear force removal. At 40 N/m2 about 50% of cells have 
remained at the surfaces.
Flfurt 1 Cro—  recttooftl drawing ol asaamblad oail datacftmant apparatus: (1) bioactiva malarial sampta. (2) holder: (3) spinning disc (4) alaeva: (5) slip ring aaaam bty. (6) abaft: (7) d c. motor: (8) fluid clumber (9) top baffla. (10) •ids baffla
Figure 31: rotating disk in fluid chamber from Garcia et al 1997
The shear forces necessary to detach human bone marrow cells from 
hydroxyapatite in Deligianni et al were much larger compared to Garcia et al and 
Cargill et al. This may be due to the choice of material (glass, bioactive glass and 
hydroxyapatite) and/or due to the surface roughness and topography, especially 
because in shear forces removal experiments the friction between cells and 
roughness peaks may have to be taken into account. The type of cells, as well as
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adhesion time of cells (Garcia et al osteoblast like cells, adhesion 15 min and 
Deligianni et al bone marrow cells, adhesion time 24 hours, Cargill et al glioma 
cells, adhesion time 6-24 hours) may contribute to the adhesion strength. Also the 
choice of fluid (valuations in density and viscosity), in which the disks are rotated, 
influences the shear force.
With this technique of cell adhesion strength measurement a range of forces can 
be tested at the same time due to the size of the rotating disk. The shear force the 
cells are exposed to depends on the distance from the centre of rotation. However, 
fluid flow will produce lower forces directly at the surface of a substrate than 
further away from the surface. Therefore tlie actual shear stress acting on the cells 
may be different than intended. Also, in vivo cells will not only be exposed to 
shear forces but also to tensile and compressive forces, and a combination thereof.
Centrifugal acceleration
Easty et al (1960) used centrifugal forces to detach cells from a surface. They 
investigated cell adhesion of mouse ascites tumour cells on rectangular- glass tubes 
by placing the tubes into a centrifuge in a horizontal position, shearing the cells of 
the surfaces. Number of cells attached to the surface has been counted before and 
after centrifugation. The adhesion strength of the cells can be expressed in relation 
to the relative centrifugal force, e.g. 50% of the cells have been detached at 450 x 
g. Lotz et al (1989) investigated tensile adhesion strength of fibroblasts and 
glioma cells to cell culture plastic using centrifugal accelerations. They have used 
two sets of well plates placed on top of each other (openings facing each other), 
one with cells at the bottom of the wells and one without. The wells have been 
centrifuged at various speeds and then cells at the bottom of both wells (still 
adhering cells and detached cells) have been counted. Cell adhesion has been 
expressed as percentage of cells still adhering to tlie well, as a function on 
centrifugal acceleration.
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Derhami et al (2000) also used centrifugal forces to detach fibroblasts from cp 
titanium surfaces. They modified the method, used by Lotz et al (1989) to enable 
them to test tensile cell adhesion strength of fibroblasts to titanium. Therefore they 
cultured fibroblasts on titanium disks and placed them inverted (cells facing to the 
bottom of the tube) into 1 ml cryotubes and centrifuged them with a swinging 
bucket rotor at various speeds. The idea was that the centrifugal forces would act 
normal to the titanium disk surfaces, which the cells were attached to. It is 
questionable if the positions or orientation of the titanium disks would stay the 
same during handling for they were not reported to be fixed in a certain position. 
This would leave the possibility that the centrifugal forces did not necessarily act 
normal to the surfaces. Derhami et al used centrifugal accelerations up to 40000 g, 
which may seem high. However, the forces acting on the cells are not actually that 
great because they are centrifuged in liquid (PBS), therefore the cells have to 
displace the fluid, which acts as a counter force, to detach from the titanium 
surface. Derhami et al employed a formula suggested by Hubbe (1981) to 
calculate the actual force on the cells.
F= (density of cell -  density of PBS) x volume of cell x relative centrifugal force (RCF) x g
The average force where 50% of the fibroblasts have still been adhered after 
centrifugation has been calculated to be 7.4 x 10"8 N/cell at 3 days in culture. The 
variability of the cell adhesion strength in Derhami et al was only given in a 
diagram with about ±15%.
Thoumine et al (1996) have looked at what centrifugal forces induce the rupture 
of adhesion and/or structural reorganisation in cultured cells. They have employed 
centrifugal forces tangential to the cell culture plastic surfaces the epithelial cells 
were attached to. The plastic surfaces with adhering cells have been inserted into 
centrifugation tubes containing cell culture medium. They have placed the tubes 
in a swinging bucket rotor and centrifuged them at accelerations between 9,000 ~
70,000 g at 37 °C. Thoumine et al have found that accelerations up to 37,000 g 
have not caused great detachment or changes in shape of epithelial cells from cell 
culture plastic, whereas accelerations of 50,000 g and above caused the cell
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number to be greatly reduced and cells, still adhering, to be elongated in the 
direction of the centrifugal acceleration. Thoumine et al have found the critical 
force for detaching epithelial cells from culture plastic to be in the range of 0.8 -
1.4 x 10'7 N/cell. Only the cells, which have not detached at accelerations above
50,000 g have been found to be elongated, implying that epithelial cells rather 
detach from cell culture plastic than change shape. The positioning of the tissue 
culture plastic slides in the centrifugation tubes was not reported in detail; 
therefore it is difficult to know if the position and orientation of the surfaces 
containing the cells could remain constant during the centrifugation tests.
No adhesion strength tests for tensile forces and shear forces of osteoblasts have 
yet been performed to investigate differences in surface structure and surface 
chemical composition of cp titanium
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4. E X P E R I M E N T A L  W O R K
This chapter describes tlie experimental work undertaken for this study.
© Surface characterisation to investigated differences in surface roughness 
and topography and surface chemical composition of polished, glass bead 
blasted, and alkali etched + heat-treated cp titanium surfaces and to ensure 
the reproducibility of the surface structures and surface chemical 
compositions produced by tlie different surface treatments.
© I011 and protein adsorption from a physiological solution (HBSS-Hanks
Balanced Salt Solution) and from a simulated in vivo environment (cell 
culture medium (DMEM) plus 10%FCS, and L-glutamine) to investigate 
differences in quantity and time scale of ion and protein adsoiption to tlie 
various titanium surfaces.
© Cell adhesion strength test of osteoblasts adhering to the different 
titanium surfaces using centrifugal forces.
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4.1 Surface characterisation
The titanium surfaces were characterized by surface chemical composition and 
surface roughness and topography to investigate differences of surface 
characteristics and to ensure the reproducibility of the various surface structures 
and compositions produced by the different surface treatments. Firstly the 
titanium disks with their different surface treatments are described (section 4.1.1). 
Secondly, the analysis of the surface chemical composition is reported (section 
4.1.2), and thirdly surface roughness and topography is illustrated (section 4.1.3).
4.1.1 Titanium disks
Commercially pure titanium (Ti 125) disks were supplied from Stanmore Implants 
Worldwide (Stanmore London, UK). The disks were turned from a rod of 10 mm 
(tolerance 0 to -0.5 mm) diameter into disks of 5 mm (tolerance 0 to +1.0 mm) 
thickness.
Two thirds of the titanium disks were polished on one face using 3 different wheel 
types (dry sisal, swansdown, finishing wheel) and polishing soaps (compound 
297, green and white hifin) and one third of the disks were shot blasted with glass 
beads (G2) at 72 psi (= 0.5 MPa) on one face (performed by Stanmore Implants 
Worldwide, Stanmore, London, UK). The titanium disks were cleaned 
ultrasonically, in the chemical solution De Solv It 3000LF, by Stanmore Implants 
Worldwide, wiped over with de-ionised water and then again cleaned 
ultrasonically in Triklone N, then dried and packaged. Once the titanium disks had 
arrived at the University of Surrey the disks were unpacked and cleaned again 
ultrasonically, 15 minutes in acetone and 15 minutes in Milli Q (ultra pure water -  
filtered and deionised, School of Biological Sciences, University of Surrey), dried 
in air and kept in a clean environment until further processing.
Half of the polished titanium disks were alkali etched -  following the protocol of 
Kim et al (1995)- in a 5M sodium hydroxide (NaOH) aqueous (Milli Q) solution 
(University of Surrey, School of Biological Sciences) for 24 hours at 60 °C in a
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histological oven. The titanium disks were then washed gently in purified water 
(Milli Q) and dried for 24 hours at 40°C in the histological oven (in air). 
Afterwards the disks were heat-treated in an electric furnace to 600°C at a rate of 
5DC per minute, then kept at 600°C for one hour and then cooled to room 
temperature in the electric furnace.
Due to the need for sterilisation to enable the use of the titanium disks for cell 
culturing all titanium samples were autoclaved.
4.1.2 Surface chemical composition
The chemical composition of polished, glass bead blasted and alkali etched + 
heat-treated cp titanium disk surfaces was analysed by X-ray Photoelectron 
Spectroscopy (XPS -  Sigma Probe, VG Scientific, University of Surrey, School of 
Mechanical and Materials Engineering) using monochromated Al-ka radiation 
(1486 eV). If charging effects, such as broadening of peaks or chemical shifts, 
were seen to have interfered in the analysis when using monochromated radiation, 
then an aluminium/magnesium twin anode was used. Polished and blasted 
titanium disks were analysed after cleaning and after autoclaving (University of 
Surrey, SBS). The alkali etched and heat-treated titanium disks were analysed 
before and after autoclaving. To assess variability of the surface chemical 
composition produced by the different surface treatments 5 disks were randomly 
chosen out of 30 for each surface treatment. A line scan, which means analysing a 
number of spots in a straight line on one surface, was performed, analysing 3 
spots on each disk.
Expected elements were titanium, oxygen and carbon. Carbon adsoiption may be 
minimised but not avoided because titanium, as metals in general, has a very high 
surface free energy (1000-5000 mJ/m2). Surface free energy partly depends on the 
surface treatment used, e.g. polished titanium has a much higher surface free 
energy than alkali etched titanium. To lower surface free energy oxygen is 
adsorbed automatically (200-500 mJ/m2) from the atmosphere. Surface free 
energy is still too high after oxygen adsoiption, therefore carbonaceous material,
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such as polar carbon (C-O, C=0) and hydrocarbon (CH), is also adsorbed to the 
surface from the surroundings to decrease surface free energy as much as possible 
(10-50 mJ/m2), whereas polar carbon is adsorbed first, followed by hydrocarbon 
(Bolger and Michaels 1968, J Watts -  personal communication). The hydrocarbon 
layer is approximately 1 -2 nm thick.
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Figure 32: schematic diagram of expected surface composition and surface energy of
titanium after exposure to air
The carbon ls (electrons from the inner orbital ls of an atom with a specific 
binding energy) spectra were analysed separately in more detail to investigate the 
composition of carbon on the titanium surfaces. The composition of carbon is 
important because the outermost layer on titanium surfaces is a carbon layer, and 
therefore it is most likely to come in contact with body fluids first after implant 
insertion.
Surface chemical compositions were assessed qualitatively by analysing XPS 
spectra and quantitatively with the aid of the data processing program “Avantage” 
(School of Mechanical and Materials Engineering, University of Surrey, UK), 
which calculates the percentage of atoms (atomic%) for each element present at 
the surfaces, relative to all elements present set to 100%, by dividing the peak area 
(IA) (for each peak) by a sensitivity factor (FA) and expressing it as a fraction of
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the summation of all intensities (I) divided by the appropriate sensitivity factors 
(F) multiplied by 100%.
The sensitivity factors are experimentally determined and published by the 
manufacturer. They include the electron inelastic mean free path, the cross section 
for photoelectron production, as well as instrumental factors.
The average amount in atomic percent of each element and its standard deviation 
were calculated.
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4.1.2.1 Qualitative analysis
The titanium disks were stored in a plastic container at room temperature.
Polished cp titanium
The XPS spectrum of a polished cp titanium (Ti 125) surfaces showed clearly the 
presence of carbon, oxygen, and titanium. Nitrogen could also be identified on the 
polished surfaces as well as trace amounts of calcium as shown in Figure 33. No 
elementary titanium (Ti° at 454 eV) was found. It was always associated with 
oxygen (Ti4+ at 459 eV as in Ti02).
Binding Energy (eV)
Figure 33: XPS spectrum of a polished cp titanium surface
Glass bead blasted cp titanium
Analysis of glass bead blasted titanium surfaces showed various elements to be 
present on the surfaces. The oxygen and carbon peaks were the most prominent. 
Sodium, silicon, and titanium could also be identified. Small amounts of calcium 
and nitrogen could be recognized as well. The titanium peak for the glass bead 
blasted surfaces was found to be very small (Figure 34). No elementary titanium 
(Ti°) was found; it was always associated with oxygen (Ti4+).
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Silicon and sodium in this case resulted from the blasting procedure as residues 
from the glass beads. Figure 34 shows an XPS spectrum of a glass bead blasted 
titanium surface.
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Figure 34: XPS spectrum of a glass bead blasted cp titanium surface
Alkali etched + heat-treated samples
Analysis of alkali etched and heat-treated cp titanium surfaces showed that high 
concentrations of oxygen, titanium, and sodium were present at the surface. 
Calcium could also be identified easily. Only a low level of carbon was found on 
the alkali etched + heat-treated titanium surfaces. Trace amounts of nitrogen were 
also found on the etched titanium surfaces. The titanium peak was clearly visible 
here (Figure 35), which shows that the surface is very clean with only little 
hydrocarbon contamination. No elementary titanium was found; it was always
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associated with oxygen. The sodium on the surface stems from the alkali etching 
process with sodium hydroxide.
Figure 35 shows an XPS spectrum of an alkali etched and heat-treated titanium 
surface.
Ols60000
Binding energy eV 
Figure 35: XPS spectrum of an alkali etched + heat-treated titanium surface
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4.1.2.2 Analysis of carbon Is spectra 
Polished cp titanium
Analysis of the carbon Is spectrum of polished cp titanium (Figure 36) showed, as 
expected, that carbon was mainly present as hydrocarbon (CH), with small 
amounts of carbon bound to oxygen with a single bond (C-O), and carbon bound 
to oxygen (C=0) (double bond). No nitrogen appeared to be associated with the 
carbon peak, as determined from the spectrum.
Binding Energy (eV)
Figure 36: peak fitted carbon Is spectrum of a polished cp titanium surface.
Glass bead blasted titanium
The carbon Is spectrum of glass bead blasted titanium was found to be mainly 
composed of hydrocarbon. Carbon was also found to be partly associated with 
oxygen, either with a single bond (C-O) or a double bond (C=0). No nitrogen 
appeared to be associated with the carbon peak (Figure 37), as determined from 
the spectrum.
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Binding Energy (eV)
Figure 37: peak fitted carbon Is spectrum of a glass bead blasted cp titanium surface.
Alkali etched + heat-treated cp titanium
Binding Energy (eV)
Figure 38: peak fitted carbon Is spectrum of an alkali etched + heat-treated cp titanium
surface
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Analysis of the Cls spectrum of alkali etched + heat-treated titanium surfaces 
showed that the main component of the carbon peak was carbon bound to oxygen. 
Carbon also seemed to be present in another oxygenated form, possibly COOH. 
Hydrocarbon (CH) could clearly be identified. No nitrogen appeared to be 
associated with the carbon peak (Figure 38).
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4.1.2.3 Quantitative analysis
The elements present on the different surfaces were quantified using the VG 
Scientific data processing computer program “Avantage” with the XPS. The 
average and standard deviation was calculated for each element (15 
measurements) for each type of surface. Titanium disks were analysed after 
cleaning (polished and blasted disks), alkali + heat-treated right after treatment 
and after autoclaving.
Table 2 is a summary of the quantified elements (average) present on the various 
titanium surfaces as received. Figure 39 shows the average surface chemical 
composition in atomic percent of polished, blasted and etched cp titanium surfaces 
after cleaning in graphical form.
Table 2: surface composition in atomic % of polished, blasted and etched titanium surfaces after
cleaning
Na 0 p N Ti Ca c Si
Alkali 13 54 0.3 0 15 2.6 15 0
Blasted 5 43.1 0.1 0.9 2.1 0.8 38 10.1
Polished 0 30 0.1 2 6.5 0.5 61 0
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Figure 39: quantification of elements present on polished, blasted titanium surfaces as received 
and alkali etched titanium surfaces directly after treatment
As a result of the need of sterilisation of the titanium disks for cell culturing, all 
surfaces were autoclaved and then analysed again by XPS to investigate any 
changes in surface chemical composition, which may have been caused by the 
procedure. Figure 40 shows the average surface composition in atomic % of 
polished, blasted and etched titanium surfaces after autoclaving in graphical form 
and Table 3 in tabular form.
Table 3: surface chemical composition in atomic % of autoclaved polished, blasted and etched
titanium surfaces
Na o P N Ti Ca C Si
Alkali 4.5 52 0.3 0.5 14.3 2.1 26.3 0
Blasted 2.7 42 0.1 1.2 2.6 0.7 39 11.6
Polished 0 28.5 0.1 2.5 7 0.5 61.5 0
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Figure 40: quantification of elements present on polished, blasted titanium and alkali 
etched titanium surfaces after autoclaving
Autoclaving did not change the surface composition of polished cp titanium 
surfaces significantly. Autoclaving alkali etched + heat-treated and glass bead 
blasted titanium disks removed a large amount of sodium from the surfaces. The 
carbon concentration on alkali etched + heat-treated titanium surfaces had 
increased after autoclaving.
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4.1.2.4 Discussion of surface chemical composition results
The surface chemical composition of polished, glass bead blasted and alkali 
etched + heat-treated cp titanium surfaces was analysed qualitatively and 
quantitatively by X-ray photoelectron spectroscopy (XPS).
The carbon Is spectra were analysed in more detail because hydrocarbon and 
polar carbon cover the oxide layer on the titanium surfaces (Figure 32). It is 
therefore most likely that the carbon layer comes in contact with body fluids and 
living tissue first, after the titanium implant is inserted into the human body.
Polished cp titanium surfaces showed a very high level of carbonaceous material 
(over 60%) compared to glass bead blasted and alkali etched + heat-treated 
titanium surfaces (-40% and 26% respectively). Although polished titanium does 
have a very high surface energy, here, the extensive amount of hydrocarbon and 
polar carbon on polished surfaces suggests that it might stem from the polishing 
procedure. Ultrasonic cleaning using acetone and purified water did not seem to 
remove any carbon from the surfaces, which also suggests that the carbon is 
worked into the surface during polishing.
The fact that only little carbon contamination was found on the alkali etched + 
heat-treated titanium surfaces (which were polished surfaces before) suggests that 
the etching process removes the carbonaceous material from the surface and 
possibly reduces surface free energy by increasing surface area and/or by altering 
surface chemical composition, so that when it is exposed to air little carbonaceous 
material is adsorbed. Less hydrocarbon was adsorbed to alkali etched + heat- 
treated titanium surfaces as seen in the peak fitted Cls spectrum (Figure 38), 
where carbon is mainly associated with oxygen and only a small amount with 
hydrogen.
Trace amounts of nitrogen were found on blasted and etched surfaces, and about 
double the amount of nitrogen was found on polished titanium. The nitrogen on 
polished and glass bead blasted titanium surfaces was most likely adsorbed from 
the atmosphere. Alkali etching + heat-treating of polished titanium surfaces with
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sodium hydroxide removed the adsorbed nitrogen from the surfaces, though low 
concentrations of nitrogen were adsorbed again during autoclaving. The analysis 
of the Cls spectra (Figures 36-38) of all the different surfaces suggests that it 
unlikely that any nitrogen was associated with carbon, which implies that it is not 
organic nitrogen (NH) from amino acids or proteins, but nitrate (NO3') from the 
atmosphere.
Only low concentrations of titanium were detected on glass bead blasted titanium 
surfaces, which indicates that titanium was masked by other substances. In this 
case most likely by residuals from the glass beads used in the blasting process, 
such as silicon and sodium. A layer of carbonaceous material, consisting mainly 
of hydrocarbon but also polar carbon as seen in the peak fitted Cls spectrum 
(Figure 37) also covered the blasted titanium surface.
Calcium was not expected at the titanium surfaces. The trace amounts of calcium 
on the polished and glass bead blasted titanium surfaces may have been adsorbed 
during cleaning of the titanium disks after surface treatment; calcium-containing 
water was used to rinse them off before cleaning them ultrasonically. Calcium 
could not be removed by ultrasonic cleaning in acetone and purified water. The 
slightly higher surface concentrations of calcium on alkali etched + heat-treated 
titanium surfaces probably stemmed from the sodium hydroxide solution. Calcium 
is a known contaminant of the sodium hydroxide pellets used, though only at 
0.0005%. No calcium containing water was used at any stage of the chemical 
treatment.
After the polished titanium surfaces were alkali etched and heat-treated large 
concentrations of sodium were found, which indicates that sodium ions are 
incorporated into the surface during the procedure as suggested by Kim et al 
(1996). However, autoclaving alkali etched + heat-treated titanium surfaces and 
glass bead blasted titanium resulted in a decrease of sodium on the surface, which 
demonstrates that sodium can be removed easily. Considering that sodium is 
thought to be important (Kim et al) to achieve a favourable reaction of bone 
towards the material by exchanging Na+ ions with H3CY to rehydrate the sodium
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titanate layer after implant insertion, autoclaving of alkali + heat-treated and glass 
bead blasted titanium surfaces might not be the best way of sterilising these kinds 
of surfaces. Other techniques, e.g. gamma ray sterilisation (Kim -  personal 
communications), might be more appropriate.
The reproducibility of the surface chemical compositions of the different surface 
treatments was investigated by choosing 5 disks for each surface treatment and 
analysing 3 spots on each disk surface. The mean and standard deviation was 
calculated for each disk separately and for all analysed spots of one surface 
treatment, to assess variability of surface chemical composition on one surface 
and on all surfaces of the same treatment. The alkali etched + heat-treated cp 
titanium surfaces showed the lowest variability with about 4%, showing a similar 
variability on one surface as on all surfaces (5%). Polished titanium surfaces 
demonstrated a variability of about 14% on the same surface and 15% between 
surfaces. The glass bead blasted surfaces showed the highest variability with 
about 20% between surfaces and about 10% on one surface.
Alkali etching was a very reliable surface treatment showing very good 
reproducibility. The reproducibility of the surface chemical composition of 
polished and glass bead blasted titanium surfaces showed a higher variability but 
still at an acceptable level. This might be due to the fact that during the etching 
process the sample is placed into a solution and does not have to be hand held, 
which is the case for polished and blasted samples. So, the position of the titanium 
disks is always the same during each chemical treatment, but maybe not so for 
polished and for glass bead blasted titanium disks.
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4.1.3 Surface roughness and topography
Surface roughness and topography was assessed with the aid of Scanning Electron 
Microscopy (SEM-Hitachi S-3200 N, University of Surrey, SMME), Atomic 
Force Microscopy (AFM-Nanoscope, University of Surrey, SMME) for polished 
titanium surfaces and with Confocal Laser Scanning Microscopy (CLSM- 
University of Surrey, SMME) for blasted and alkali etched titanium surfaces. To 
assess reproducibility of surface roughness and topography, produced by the 
different surface treatments, 5 disks were randomly chosen out of a set of 30 disks 
for each surface treatment. 3 spots per disk were analysed for average surface 
roughness (Ra) and peak to valley height (Rt). Ra is defined for a profile length 
(L) as:
K  =  7  J H *
L 0
Z is measured from the mean line. The mean or centre line is defined as the line 
such that the area of above is equal to the area below. Rt is defined to be the 
separation of the highest peak to the lowest peak. The average and standard 
deviation of the 15 Ra values for each surface treatment were calculated.
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4.1.3.1 Surface topography 
Polished cp titanium
Polished titanium disks had a mirror like finish with a few scratches in the surface 
(Figure 41).
Figure 41: SEM of polished cp titanium; dotted line 25pm.
Glass bead blasted cp titanium
Glass bead blasted titanium disks had a visibly rough surface (Figure 42).
Figure 42: SEM of glass bead blasted cp titanium surface (sample tilted at 45 °);
dotted line 50 micro
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Alkali etched + heat-treated cp titanium
Alkali etched and heat-treated titanium disks had visually a very smooth surface 
but matt. With a higher resolution (Figure 43 SEM) the surface looked like a 
meshwork of small but sharp peaks (green arrows) and bigger cracks (red arrows) 
distributed over the surface.
Figure 43: SEM of alkali etched and heat-treated cp titanium surface; dotted line 2pm.
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4.1.3.2 Surface roughness 
Polished cp titanium
Atomic Force Microscopy (Nanoscope, University of Surrey, SMME) was used to 
analyse polished titanium surfaces. For the surface roughness analysis 5 polished 
titanium disks were chosen randomly. The AFM was used to perform 3 separate 
20pm x 20pm scans on each surface in contact mode.
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Figure 44: AFM image of a polished titanium surface
Average surface roughness (Ra) was found to be 9.406 nm with a standard 
deviation of 1.242 nm. Peak to valley height Rt was found to be 180 nm.
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Glass bead blasted cp titanium
The surface roughness analysis of glass bead blasted titanium surfaces was 
performed with the Confocal Laser Scanning Microscope (CLSM) on 5 randomly 
chosen blasted titanium disks with 3 spots on each surface. Scan sizes were 512 
pm x 385 pm. A helium-neon laser with a wavelength of 633 nm was used
Figure 45 shows a 3D surface reconstruction of an LSM image of a glass bead 
blasted cp titanium surface.
Figure 45: 3D surface reconstruction of an LSM image of glass bead blasted titanium.
Scan size 564 pm x 381 pm.
The average surface roughness (Ra) was calculated from 15 values and was found 
to be 2.8 pm with a standard deviation of 0.3 pm. Peak to valley height (Rt) was 
found to be 25 pm.
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Alkali etched and heat-treated cp titanium
The surface roughness analysis of alkali etched + heat-treated titanium surfaces 
was performed with the Confocal Laser Scanning Microscope (CLSM) on 5 
randomly chosen etched titanium disks with 3 spots on each surface. Scan sizes 
were 50 pm x 74 pm. A helium-neon laser with a wavelength of 633 nm was used
Figure 46 shows a 3D surface reconstruction of an LSM image of an alkali etched 
and heat-treated titanium surface.
Figure 46: 3D surface reconstruction of an LSM image of an alkali etched and heat- 
treated titanium surface. Scan size 50pm x 74 pm.
The average surface roughness (Ra) was calculated from 15 values and was found 
to be 140 nm with a standard deviation of 15 nm. Peak to valley height (Rt) was 
found to be 1.16 pm.
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4.2 Ion and protein adsorption to cp titanium surfaces
After having characterised the cp titanium surfaces, used for this study, by surface 
roughness, topography and surface chemical composition, which was reported in 
the previous chapter, this chapter investigates ion and protein adsoiption to these 
different surfaces regarding variations in quantity and time scale and the chemical 
composition of the carbon ls spectrum.
Biomaterials inserted into living tissue are directly exposed to body fluids 
containing ions and proteins/amino acids. The first processes to occur, before cell 
adhesion, are thought to be ion and protein/amino acid adsoiption to the 
biomaterial surface. To study this, cp titanium with three different surface 
structures and surface chemical compositions (alkali etched + heat-treated, glass 
bead blasted and polished) were firstly exposed to a physiological solution (HBSS 
-  Hank’s Balanced Salt Solution)), containing the same concentrations of ions as 
found in blood, to study purely ion adsoiption. Then ion and protein adsoiption 
was also investigated in a simulated in vivo environment, using cell culture 
medium (DMEM + foetal calf serum (FCS) + L-glutamine), where, ions and 
proteins/amino acids, are available for adsorption. To investigate the time scale of 
the adsoiption processes time dependent adsoiption studies were performed with 
exposure to HBSS and cell culture medium, ranging from minutes to several days.
4.2.1 Ion adsorption from Hank’s Balanced Salt Solution (HBSS)
4.2.1.1 Protocol for ion adsorption from HBSS
Autoclaved titanium disks were placed into a 24-well plate (one disk per well), 
using sterile forceps, containing 1.5 ml of HBSS and incubated at 37 °C for 5, 10, 
15, 30, and 60 minutes, 1 day, 7, 14 and 21 days. The titanium disks were taken 
out of the solution with forceps and washed gently with purified water, dried at 
room temperature in air and then analysed by XPS. 3 disks per surface treatment 
were analysed.
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4.2.1.2 Ion adsorption from HBSS after 1 hour
To investigate ion adsoiption from physiological solutions, polished, glass bead 
blasted and alkali etched + heat-treated titanium surfaces were firstly exposed to 
HBSS for 1 hour, then washed gently in purified water (Milli Q) and then 
analysed by XPS.
The following Table and diagram show the surface chemical composition in 
atomic % of polished, glass bead blasted and alkali etched + heat-treated titanium 
surfaces after exposure to HBSS for 1 hour.
Table 4: surface chemical composition in atomic % (at%) of polished, glass bead blasted 
and alkali etched + heat-treated cp titanium surfaces after exposure to HBSS for 1 hour
1h HBSS C at% Ca at% N at% Na at% 0  at% Si at% P at% Ti at%
Alkali 31.6 2.3 0 2.5 52 0 0.6 11
Blasted 46 1.4 1.3 0.8 42 7.5 0.15 0.9
Polished 51 0.7 1.5 0 38 0.5 0.2 8.6
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Figure 47: quantification of elements on polished, glass bead blasted, and alkali etched + heat- 
treated titanium surfaces after exposure to physiological solution (HBSS) for 1 hour
After exposure to HBSS for 1 hour the main elements found on all surfaces were 
still carbon and oxygen. The surface concentration of carbon was reduced on 
polished titanium surfaces but slightly increased on blasted and etched titanium 
surfaces compared to autoclaved titanium surfaces. Titanium could clearly be 
identified on polished and alkali etched + heat-treated titanium surfaces, with the 
relative quantities of 8.6% and 11% respectively. On glass bead blasted titanium 
surfaces only trace amounts of titanium could be detected (0.9%). Silicon 
remained present on blasted surfaces, only somewhat reduced from 11.6% to 
7.5%. The surface concentration of sodium on glass bead blasted and alkali etched 
+ heat-treated surfaces was reduced after 1 hour of exposure to HBSS. Trace 
amounts of phosphorus were identified on all titanium surfaces (below 1%), 
whereas alkali etched surfaces showed the highest surface concentration of 
phosphorus with 0.6%. Calcium could easily be identified on etched and blasted 
titanium surfaces, 2.3% and 1.4% respectively, only trace levels were found on
C1s Ca2p N1s Na1s 01s Si 2p P2p Ti2p
elements
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polished titanium. Low surface concentrations of nitrogen were found on polished 
and glass bead blasted titanium. No evidence of other ions having been adsorbed 
was found.
4.2.1.3 Time dependent ion adsorption from HBSS
The titanium surfaces were exposed to HBSS for various lengths of time (5, 10, 
20, 30, 60 minutes, and 7, 14, 21 days) to investigate time dependency of ion 
adsoiption from a physiological solution. After having been taken out of the 
solution, the titanium disks were washed gently in purified water (Milli Q), then 
dried in air and analysed by XPS. Of interest were only calcium and phosphorus 
because they are thought to be the relevant ions for osseointegration (see chapter 
3.1.4).
Calcium
The following Table and diagram show the time dependent adsorption of calcium 
from HBSS to polished, glass bead blasted and alkali etched+ heat-treated cp 
titanium surfaces.
Table 5: time dependent calcium adsorption to alkali etched, blasted and polished cp 
titanium surfaces. Values: surface concentration [atomic%]
Time before 5min lOmin 20min 30min 60min lday 7days 14days 21days
Alkali 2.1 2.3 2.1 2.5 2.5 2.3 2.2 2.5 3.5 8.5
Blasted 1.1 1.2 1.2 1.2 1.2 1.4 1.0 1.1 2.1 7.1
Polished 0.5 0.2 0.7 0.5 0.3 0.7 0.5 0.9 2 7.4
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Calcium adsorption from HBSS
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Figure 48: time dependent calcium adsorption from a physiological solution (HBSS) to polished, 
glass bead blasted and alkali etched + heat-treated titanium surfaces. Change of scale after
60minutes.
The surface concentration of calcium remained approximately constant with only 
slight variations between the different adsorption times on all titanium surfaces for 
the first 7 days. Alkali etched + heat-treated titanium surfaces showed the highest 
surface concentration of calcium with around 2.3 atomic%, which correlates with 
the surface concentration from before exposure to HBSS. Polished titanium 
surfaces had the lowest surface concentration of calcium with around 0.6 atomic% 
and the glass bead blasted in the middle with around 1.2 atomic%.
The surface concentration of calcium on all titanium surfaces had increased
slightly after 14 days and then considerably after 21 days exposure to HBSS (see
Figures 48). Alkali etched titanium had a surface concentration of calcium of
8.5%, glass bead blasted titanium of 7.1% and polished titanium of 7.4%.
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Phosphorus
The following Table and diagram show the time dependent adsorption of 
phosphorus from HBSS to polished, glass bead blasted and alkali etched+ heat- 
treated cp titanium surfaces.
Table 6: time dependent phosphorus adsorption to alkali etched, blasted and polished cp 
titanium surfaces. Values: surface concentration [atomic%]
Time before 5min lOmin 20min 30min 60min lday 7days 14days 21days
Alkali 0.3 0.3 0.4 0.4 0.6 0.6 0.8 1.1 2.8 7.5
Blasted 0.1 0.1 0 0.2 0.2 0.2 0.3 0.8 1.8 6.8
Polished 0.1 0 0 0 0 0.15 0.15 0.6 1.7 5.7
p adsorption from HBSS
time
Figure 49: time dependent phosphorus adsorption from a physiological solution (HBSS) to 
polished, glass bead blasted and alkali etched + heat-treated titanium surfaces. Change of time
scale after 60 minutes.
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Only trace levels of phosphorus could be detected on the titanium surfaces, 
remaining approximately constant, with only slight variations within the first 24 
hours on glass bead blasted titanium surfaces. No phosphorus was detected on 
polished surfaces between 5 and 30 minutes adsoiption. Trace levels were 
detected after lhour adsorption. On alkali etched + heat-treated titanium surfaces 
the surface concentration of phosphorus remained around 0.3 atomic% for the first 
20 minutes, then increased to 0.8 atomic% in 24 hours.
Surface concentration of phosphorus on all titanium surfaces had increased 
slightly after 1 day of exposure to HBSS. It had further increased after 14 days, 
and then considerably after 21 days of exposure to HBSS (see Figures 49). On 
etched titanium it increased to 7.5%, on blasted surfaces to 6.7% and on polished 
ones to 5.6%.
The following three diagrams show survey XPS spectra of alkali etched + heat- 
treated, glass bead blasted and polished cp titanium surfaces after exposure to 
HBSS for 21 days. The calcium and phosphate layer is so thick titanium cannot be 
identified anymore on any surface. Silicon on blasted surfaces is also covered.
Binding Energy (eV)
Figure 50: survey XPS spectrum of an alkali etched + heat-treated cp titanium surface after
exposure to HBSS for 21 days
Investigations of the bone titanium interface, in vitro 102
ION A N D  PROTEIN AD SO R P T I O N
Binding Energy (eV)
Figure 51: survey XPS spectrum of a glass bead blasted cp titanium surface after exposure to
HBSS for 21 days
Binding Energy (eV)
Figure 52: survey XPS spectrum of a polished cp titanium surface after exposure to HBSS for 21
days
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4.2.1.4 Physisorption and chemisorption of Ca and P to cp titanium
The level of calcium and phosphorus adsorption depending on the type of 
adsorption (physisorption or chemisorption) was investigated. Ions can bond to a 
surface by strong (covalent or ionic) or weak (Van der Waals forces or hydrogen 
bridging) chemical bonds. The adsoiption of ions via weak chemical bonds is 
called physisorption and adsorption via strong chemical bond is called 
chemisorption. The weak chemical bonds (physisorption) can be destroyed, e.g. 
by washing the surfaces with purified water. The stronger bonds (chemisorption) 
cannot be destroyed by washing the surfaces with purified.
All titanium surfaces were exposed to HBSS for 20 minutes and 24 hours, then 
taken out of the solution and dried in air at room temperature before being 
analysed by XPS. The following two diagrams show calcium and phosphorus 
adsorption from exposure to HBSS for 20 minutes and 24 hours comparing 
washed and unwashed titanium surfaces.
Calcium adsorption from HBSS- physisorption/chemisorption
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Figure 53: calcium adsorption from HBSS of washed and unwashed titanium surfaces after 
soaking for 20 minutes and 24 hours
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Posphorus adsorption from HBSS - chemisorptioiVphysisorption
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Figure 54: phosphorus adsorption from HBSS of washed and unwashed titanium surfaces 
after soaking for 20 minutes and 24 hours
No significant difference was found between physisorption and chemisorption of 
calcium on polished and alkali etched + heat-treated cp titanium surfaces, as seen 
in Figure 53. Glass bead blasted titanium surfaces, however, showed a 
considerably increased surface concentration of calcium on unwashed surfaces 
(physisorption) compared to washed surfaces (chemisorption), 2.3% and 1.2% 
respectively after 20 min adsorption and 5.2% and 1.1% respectively after 
24hours adsoiption.
A similar picture presented itself for physisorption and chemisorption of 
phosphorus from HBSS at 20 minutes and 24 hours adsorption (Figure 54). 
Polished and alkali etched + heat-treated titanium surfaces showed only slight 
variations (less then 0.5%) in the surface concentration of phosphorus between 
washed and unwashed surfaces. Glass bead blasted surfaces again showed a 
significant increase in the surface concentration of phosphorus on unwashed
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surfaces compared to washed surfaces, 1% and 0 .1% respectively after 20 min 
adsorption and 4.5% and 0.2% respectively after 24hours adsorption.
4.2.2 Ion and protein adsorption from cell culture medium
4.2.2.1 Protocol
Autoclaved titanium disks were placed in a sterile 24-well plate (one disk per 
well) with 1.5 ml of cell culture medium (DMEM + 10% FCS + L-glutamine) per 
well, using sterile forceps. The well plate was then placed into an incubator (5% 
C02, 37 °C). The titanium disks remained in the culture medium for various 
amounts of time; 5 min, 10 min, 20 min, 30 min, 1 hour, 24 h, 10 days, 20 days. 
The titanium disks were taken out of the medium using sterile forceps and washed 
in purified water (Milli-Q), dried at room temperature in air, and then analysed by 
XPS.
4.2.2.2 Ion and protein adsorption from cell culture medium after 24 hours
To investigate ion and protein adsoiption from a simulated in vivo environment, 
alkali etched + heat-treated, glass bead blasted and polished cp titanium surfaces 
were firstly exposed to cell culture medium for 24 hours to study differences in 
ion and protein adsoiption after autoclaving and after medium exposure.
After soaking polished, glass bead blasted, alkali etched + heat-treated titanium 
surfaces in cell culture medium for 24 hours, titanium, oxygen, carbon and 
nitrogen were found on all surfaces. Silicon was still present at the blasted 
surfaces. Calcium could be identified clearly on alkali etched + heat-treated 
titanium but only trace amounts could be detected on polished and glass bead 
blasted titanium surfaces. Trace amounts of phosphorus were identified on alkali- 
etched surfaces. Nitrogen was found to be significantly increased on all surfaces 
after medium exposure compared to autoclaved polished, glass bead blasted and 
alkali etched + heat-treated cp titanium surfaces (see Tables 1 and 2). Sodium was
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not detected anymore on glass bead blasted surfaces after medium exposure and 
only trace amounts were found on alkali etched titanium surfaces.
The following 2 Tables summarise the surface concentration (in atomic %) of 
each element present on the 3 different titanium surfaces after autoclaving and 
after cell culture medium exposure for 24 hours.
Table 7: surface chemical composition of polished, blasted and etched cp titanium
surfaces after autoclaving
Na
[at%]
O
[at%]
Ti
[at%]
N
[at%]
C
[at%]
Ca
[at%]
P
[at%]
Si
[at%]
Polished 0 25 7.2 3 62 0.5 0.3 0
Blasted 4 40 1.5 1.5 44 1.1 0.1 7.8
Alkali
etched
5 51 14.3 0.5 27 2.1 0,1 0
Table 8: surface chemical composition of polished, blasted and etched cp titanium 
surfaces after exposure to cell culture medium for 24 hours
Na
[at%]
o
[at%]
Ti
[at%]
N
[at%]
C
[at%]
Ca
[at%]
P
[at%]
Si
[at%]
Polished 0 21.7 2.5 9.4 66 0.4 0 0
Blasted 0 23 1 12 60 0.5 0 3.5
Alkali
etched
0.8 27 4 11.5 55 1.2 0.5 0
Figures 55-57 show XPS spectra of polished, glass bead blasted, alkali etched + 
heat-treated titanium surfaces soaked in cell culture medium for 24 hours. They 
demonstrate clearly the increase of nitrogen on all surfaces when compared to 
purely autoclaved surfaces and an increase of carbon on alkali etched + heat- 
treated titanium surfaces.
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Binding Energy (eV)
Figure 55: XPS spectrum polished titanium disk surface soaked in cell culture medium
for 24 hours
Binding Energy (eV)
Figure 56: XPS spectrum of a glass bead blasted titanium disk surface soaked in cell
culture medium for 24 hours
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Binding Energy (eV)
Figure 57: XPS spectrum of an alkali etched + heat-treated titanium surface soaked in cell
culture medium for 24 hours
4.2.2.3 Carbon Is spectra after ion and protein adsorption for 24 hours
The carbon ls spectra were analysed to investigate tlie differences in carbon 
composition before and after cell culture medium exposure.
Polished titanium
Analysis of the carbon ls spectrum of polished titanium exposed to cell culture 
medium for 24 hours showed only slight variation of its components compared to 
the carbon ls spectrum for autoclaved polished titanium (see Figures 58 and 36) 
The main component remained hydrocarbon (C-H) only the amount was slightly 
decreased. Carbon single boned to oxygen (C-O) and double bonded (C=0) could 
be identified as well. After medium exposure a new component was added to
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carbon spectrum. Some of the carbon was now found to be associated to nitrogen, 
which did not seem to be the case before medium exposure (Figure 58).
Table 9: chemical composition of the carbon Is spectrum of polished cp titanium
Components C-H C-O c = o C-N
Atomic % 75 8 9 8
30000
295 294 293 292 291 290 289 288 287 286 285 284 283 282 281 280 279 278 277 276 275
Binding Energy (eV)
Figure 58: peak fitted data for the carbon Is XPS spectrum of polished cp titanium soaked
in cell culture medium for 24 hours
Glass bead blasted titanium surface
In depth analysis of the carbon Is spectrum of glass bead blasted titanium (Figure 
59) showed that the main component of carbon Is remained hydrocarbon (C-H). 
The amount of carbon bound to oxygen (single or double bond) was slightly 
reduced compared to before medium exposure (Figure 37). Instead carbon bound 
to nitrogen was added to the components of the carbon spectrum, which did not 
seem to be present before medium exposure.
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Table 10: chemical composition of the carbon Is spectrum of glass grain blasted cp
titanium
Component C-H C-O c=o C-N
Atomic % 62 16 15 7
Binding Energy (eV)
Figure 59: peak fitted data for the carbon 1 s spectrum of an XPS spectrum of glass grain 
blasted titanium soaked in cell culture medium for 24 hours
Alkali etched + heat-treated titanium
A detailed analysis of the carbon Is spectrum of alkali etched and heat-treated 
titanium showed that the main component was carbon associated with nitrogen 
(C-N) (Figure 60). Hydrocarbon (C-H) was found to be the next largest 
component. Various oxygenated forms of carbon were also identified, such as 
carbon single bound and double bound to oxygen, and in another oxygenated 
form, which might be HCO3.
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Table 11: chemical composition of the carbon ls spectrum of alkali etched +heat-treated
cp titanium
Components C-H C-O c = o C-N Cx
Atomic % 17 13 15 41 14
295 294 293 292 291 290 289 288 287 286 285 284 283 282 281 280 279 278 277 276 275
Binding Energy in eV
Figure 60: peak fitted data for the carbon ls XPS spectrum of alkali etched + heat-treated 
titanium soaked in cell culture medium for 24 hours
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4.2.2.4 Time dependant ion and protein adsorption from cell culture medium
Polished, glass bead blasted, and alkali etched + heat-treated were immersed in 
cell culture medium for 5min, 10 min, 20min, and 30 min, lhour, 1 day, 10 and 20 
days to investigate the time dependency of ion and protein adsoiption to the 
various titanium surfaces. Of special interest were carbon and nitrogen adsoiption 
because they are relevant for protein adsorption and calcium and phosphorus 
because they are thought to be the relevant ions for osseointegration or even bone 
bonding.
Carbon
The following Table (Table 12) and diagram (Figure 61) show the time dependent 
adsoiption of carbon to alkali etched+ heat-treated, glass bead blasted, and 
polished cp titanium surfaces from cell culture medium.
Table 12: time dependent carbon adsoiption to alkali etched+ heat-treated, glass bead blasted, 
and polished cp titanium surfaces from cell culture medium
before 5min lOmin 20min 30min lhour Iday lOdays 20days
Alkali 27 48 52 56 56 59 55 49 52
Blasted 40 55 53 62 60 65 61 58 60
PolisheiI 62 64 68 66.5 66 64 66 68 67
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Time dependent carbon adsorption from full medium
time
Figure 61: time dependant adsorption of carbon from cell culture medium to polished, blasted and 
alkali etched titanium surfaces from cell culture medium. Change of scale (indicated by arrows)
after 1 hour.
The adsorption of carbon onto the alkali etched + heat-treated and glass bead 
blasted titanium surfaces showed clear time dependency with the largest increase 
in surface concentration of carbon in the first 5 minutes of exposure to cell culture 
medium, almost reaching a steady state with only slight variations after 10 
minutes. Polished titanium surfaces only showed slight variations in the surface 
concentrations of carbon over time. No significant increase was detected.
Nitrogen
The following Table and diagram show the time dependent adsorption of nitrogen 
to alkali etched+ heat-treated, glass bead blasted, and polished cp titanium 
surfaces from full cell culture medium.
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Table 13: time dependent nitrogen adsorption to alkali etched+ heat-treated, glass bead 
blasted, and polished cp titanium surfaces from full cell culture medium
before 5min lOmin 20min 30min lhour lday lOdays 20days
Alkali 0.4 8.5 8 8.5 9.3 9.5 10 11 10
Blastec 1 7.9 7.6 8.6 8 8.8 11 10.9 11
Polished 2.5 8.9 8.6 8.6 8 8.6 9.4 9 8.5
Time dependent nitrogen adsorption from cell culture medium
time
Figure 62: time dependant adsorption of nitrogen to titanium surfaces from cell culture medium. 
Change of scale (indicated by arrows) after 1 hour.
The biggest increase in the surface concentration of nitrogen on titanium surfaces 
occurred within the first 5 minutes of exposure to cell culture medium. On 
polished titanium surfaces the surface concentration of nitrogen reached an 
approximately steady state after 5 minutes with only slight variations over time. 
On glass bead blasted and alkali etched + heat-treated titanium surfaces the 
surface concentration of nitrogen also increased rapidly within the first 5 minutes, 
then slightly increasing within 24 hours, then roughly reaching a steady state after 
that with only slight variations. The most nitrogen was adsorbed onto the alkali
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etched and heat-treated titanium surfaces, followed by the glass bead blasted and 
then polished titanium surfaces, with maximum increases of 10.5%, 10%, and 
6.5% respectively.
Calcium
The following Table and diagram show the time dependent adsorption of calcium 
to alkali etched+ heat-treated, glass bead blasted, and polished cp titanium 
surfaces from full cell culture medium.
Table 14: time dependent calcium adsorption to alkali etched-t- heat-treated, glass bead 
blasted, and polished cp titanium surfaces from full cell culture medium
before 5min lOmin 20min 30min lhour lday lOdays 20days
Alkali 2.1 0.7 0.9 0.7 0.8 0.8 1.1 1 1.2
Blastec 1.1 0.8 0.8 0.6 0.9 0.6 0.5 0.5 0.8
Polishc d 0.5 0.4 0.5 0.4 0.4 0.3 0.4 0.4 0.2
Time dependent calcium adsorption from cell culture medium
2,5
time
Figure 63: time dependant calcium adsorption to polished, glass bead blasted, and alkali etched + 
heat-treated titanium surfaces from cell culture medium. Change of scale (indicated by arrows)
after 1 hour.
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The detectable surface concentration of calcium on alkali etched and heat-treated 
titanium surfaces dropped considerably within the first 5 minutes of cell culture 
medium exposure from 2.1% to 0.7%, then remaining approximately constant, 
around 1%, with only slight variations. Only trace levels of calcium, mostly below 
0.5%, could be detected on polished titanium surfaces, with only minor variations 
over time. Trace levels of calcium were noted on glass bead blasted cp titanium 
surfaces, dropping slightly from before cell culture medium exposure (1.1%) to 5 
minutes after exposure (0.8%), then remaining roughly steady, around 0.65%, 
with only minor valuations.
Phosphorus
The following Table and diagram show the time dependent adsoiption of 
phosphorus to alkali etched+ heat-treated, glass bead blasted, and polished cp 
titanium surfaces from full cell culture medium.
Table 15: time dependent phosphorus adsorption to alkali etched+ heat-treated, glass bead 
blasted, and polished cp titanium surfaces from full cell culture medium
before 5min 10m in 20min 30min lhour lday lOdays 20days
Alkali 0.3 0 0 0 0 0.3 0.5 0.4 0.6
Blastec 0.1 0 0 0 0 0 0 0.1 0.3
Polished 0.1 0 0 0 0 0 0 0 0.2
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Time dependent phosphorus adsorption from full medium
time
Figure 64: time dependant adsorption of phosphorus from cell culture medium to polished, blasted 
and alkali etched titanium surfaces. Change of scale (indicated by arrows) after 1 hour.
Only trace levels of phosphorus were detected on all titanium surfaces before 
exposure to cell culture medium. No phosphorus was identified on glass bead 
blasted and polished cp titanium surfaces between 5 minutes and 24 hours of 
being in contact with cell culture medium. After 10 days the surface concentration 
of phosphorus on glass bead blasted surfaces was found to be 0 .1%, no 
phosphorus was found on polished surfaces. Phosphorus could only be detected 
on polished surfaces in minute quantities (0 .2%) after 20 days of medium 
exposure. Alkali etched + heat-treated titanium surfaces already showed a trace 
levels of phosphorus on its surfaces after 1 hour soaking in cell culture medium, 
slightly increasing over the following 20 days.
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4.2.3 Discussion of results of ion and protein adsorption
After a titanium implant is inserted into the human/animal body it firstly comes in 
contact with body fluids containing ions and proteins. In order to investigate the 
time scale and the differences in surface concentration of ions and proteins 
adsorbed to titanium surfaces, alkali etched + heat-treated, glass bead blasted and 
polished cp titanium surfaces were exposed to a physiological solution an a 
simulated in vivo environment (cell culture medium, including 10% FCS and L- 
glutamine at 37°C) for various lengths of time. The titanium surfaces were 
analysed by XPS.
Ion adsorption from HBSS
Many research groups have shown that titanium preferably adsorbs calcium and 
phosphate ions from physiological solutions (Frauchinger et al 1999, Kim et al 
1997, 199,2000, Takadama et al 2001, Lima et al 2001, Hanawa 1991, 1998, 
Serro et al 2000), and that this is a contributory factor for its close contact to bone. 
In this study calcium and phosphorus were also found to be the only ions to 
adsorb to the 3 tested types of titanium surfaces. However, calcium and 
phosphorus adsoiption did not seem to occur very quickly. The surface 
concentration of calcium remained approximately constant, with only slight 
variations within the first 7 days of exposure the HBSS. Only after 14 days an 
increase could be detected. The rather large surface concentrations of calcium and 
phosphorus of Frauchinger et al (1999) after 5 minutes of soaking in HBSS, 2.7% 
and 5.1% respectively could not be confirmed in this study. A reason for this 
might be the difference in surface preparation before the adsorption studies. 
Frauchinger et al used polished titanium surfaces, which they covered by an 
overlay of evaporated titanium of 100 nm thickness under vacuum to minimise 
surfaces contaminants, such as hydrocarbon, therefore the surface concentration of 
carbon was much lower on their surfaces (5%) compared to the ones used in this 
study (between 27% and 61%). However, to investigate the clinical reality of ion 
adsoiption to implant material surfaces, the samples should be produced under 
similar conditions an implant is produced and the samples should be exposed to 
similar conditions an actual implant would be exposed to. Hydrocarbon
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contamination of metal surfaces is a natural occurrence. All metal implants will 
have a layer of hydrocarbon on their surface.
The statement that Frauchinger et al (1999) found more phosphorus than calcium 
to be adsorbed to titanium could also not be confirmed. In this study more calcium 
than phosphorus was adsorbed to all tested titanium surfaces.
Lima et al (2001) found very high surface concentrations of calcium and 
phosphorus at their titanium surfaces after exposure to HBSS for 7 days, 14.2% 
and 9.3% respectively, and so did Serro et al (2000) after 7 days in HBSS, 8.1% 
and 6.9% respectively. In this study the surface concentration of calcium and 
phosphorus did only match Serro’s results after 21 days of exposure to HBSS 
(around 8% and 7% respectively), but not the results of Lima et al (2001). Both of 
the previously mentioned authors found more calcium adsorbed than phosphorus, 
which is in agreement with the findings of this study. Lima et al and Serro et al 
replenished the HBSS solution every day, which was not done in this study. This 
may have influenced the amount of calcium and phosphorus having been adsorbed 
because new ions were presented to the surfaces every day. However, in this study 
the uptake of calcium and phosphorus was so small at first that it is likely that 
replenishing the solution would not have made a difference. Lima et al and Serro 
et al did not show the whole surface chemical composition of the titanium 
surfaces; therefore it is not possible to comment on the ° of surface contamination, 
which might have influenced the adsoiption patterns. They also did not mention 
whether the titanium surfaces were washed or not after immersion in HBSS, 
which may have influenced the adsoiption pattern. Although it did not seem to 
make a difference in this study on polished and alkali etched titanium surfaces, it 
did make a big difference on glass bead blasted surfaces, which retained a much 
larger amount of calcium and phosphorus on their surfaces after exposure to 
HBSS even already after 24 hours (5% calcium and 4.5% phosphorus without 
washing and 1% calcium and 0.3% phosphorus with washing). This may be due to 
the increased surface roughness of the glass bead blasted surfaces. Here HBSS 
might accumulate within the roughness peaks and dry there, leaving residues from 
the solution. However, then elements, other then calcium and phosphorus, should
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be detected there as well. In this analysis only calcium and phosphorus were 
found.
The results of this study suggest that a calcium phosphorus layer is formed on all 
3 different titanium surfaces after 21 days of immersion in HBSS and not only on 
alkali etched + heat-treated titanium as implied by Kim et al (1996, 1997) 
because after 21 days no titanium could be detected anymore on any surface 
analysed by XPS and no silicon was found on glass bead blasted surfaces either 
(Figures 50-52), which shows that a layer of calcium and phosphorus covered tlie 
surfaces. Although, surface concentrations of calcium and phosphorus were 
highest on alkali etched and heat-treated surfaces, followed by glass bead blasted 
surfaces, tlie concentrations did not seem large enough to support the findings of 
Kim et al (1999, 1997, 1996) and Takadama et al (2001). Due to the fact that glass 
bead blasted titanium surfaces had a similar surface chemical composition to 
alkali etched titanium, except for a lower sodium concentration and additional 
silicon on blasted surfaces, one might expected them to behave similarly, in vivo, 
to alkali etched surfaces, in regard to exchanging sodium ions with H30 + ions to 
form a hydrogel on the surfaces, but not necessarily the polished titanium 
surfaces. Although, in this study, the differences in ion adsorption were not 
significant between the various surface treatments, tlie alkali etched + heat-treated 
and glass bead blasted titanium surfaces did show a higher calcium and 
phosphorus concentration.
The question now is: are studies of ion adsorption from physiological solutions 
comparable to the in vivo situation. The answer is no, they are not really 
comparable, because the in vivo environment does not only consist of ions but 
also of proteins (amino acids). Therefore investigating ion adsorption from 
physiological medium does not match the in vivo situation. To simulate in vivo 
conditions it is necessary to include at least amino acids, and perhaps complete 
proteins, to the solution in which the titanium surfaces are immersed. The cell 
culture medium used in this study (including foetal calf serum and glutamine) was 
chosen as a suitable solution because it contains important components that cells 
need to survive and be healthy.
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Ion and protein adsorption from cell culture medium
Mahmood and Davies (2000) investigated ion adsorption to bioactive glass from 
SBF (simulated body fluid) and cell culture medium. They found that great 
amounts of phosphorus and calcium were adsorbed from SBF after 3 days, which 
could be seen clearly in the XPS spectra. The picture looked somewhat different 
for adsorption studies from cell culture medium. Mahmood and Davies showed 
that the calcium and phosphorus peaks were not very prominent in these XPS 
spectra but that there was a great amount of nitrogen adsorbed to the bioglass 
surface. Their results are similar to the results in this study with 3 different types 
of cp titanium surfaces, which showed a large increase in the surface 
concentration of nitrogen on all tested surfaces, and an increase of carbon on glass 
bead blasted and alkali etched + heat-treated surfaces after exposure to cell culture 
medium. Schmidt (2001) investigated the adsorption of specific amino acids onto 
titanium surfaces at various pH values and has found that the adsorption of amino 
acids did not seem to be strongly R-group dependant and therefore concluded that 
the adsorption occurs via the carboxyl and amino groups, which all amino acids 
have in common. So, the increase of nitrogen and carbon on the titanium surfaces 
used in this study indicate protein or amino acid adsorption. Also the result that 
nitrogen was added to the chemical composition of the carbon Is spectrum shows 
that the adsorbed nitrogen and carbon were of organic origin.
The time scale of protein adsoiption was the same on all tested titanium surfaces, 
only the amount varied. Most of the protein adsorption occurred within the first 5 
minutes after exposure to cell culture medium, as seen in Figures (61, 62). Surface 
concentration of nitrogen on alkali etched + heat-treated titanium surfaces 
increased 8% in the first 5 minutes, on glass bead blasted surfaces the increase 
was 7% and on polished surfaces 6.5%. All titanium surfaces ended up with a 
final surface concentration of nitrogen of around 8% after medium exposure, 
which shows that similar quantities of proteins are present on all surfaces after 
immersion in cell culture medium for 5 minutes. The surface concentration of 
nitrogen further increased slightly on glass bead blasted and alkali etched titanium 
surfaces over the following 20 days of exposure. Carbon concentration on
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polished titanium surfaces did not seem to vary at all. However, some of the 
previously adsorbed carbon from the atmosphere may have been replaced by 
organic carbon, as suggested by the appearance of nitrogen associated with carbon 
(Figure 58). For blasted and etched surfaces a similar picture, as for nitrogen 
adsoiption, presented itself for carbon adsoiption; a large increase of carbon 
within the first 5 minutes. Serro et al (2000, 1997) and Mustafa et al (2002) also 
found a large increase in the surface concentrations of nitrogen and carbon on 
their tested titanium surfaces after exposure to a fibronectin or bovine serum 
albumin solution.
When the titanium surfaces were immersed in cell culture medium in this study, 
calcium and phosphorus did not seem to be adsorbed at all. The surface 
concentration of calcium and phosphorus were even lower after exposure to 
medium than before, which was especially the case on alkali was etched + heat- 
treated titanium surfaces (Figures 63, 64). This decrease was apparent at the same 
time as the increase in nitrogen and carbon, which implies that calcium and 
phosphorus were either covered or removed by the proteins. The calcium 
concentrations on glass bead blasted and polished surfaces were only trace levels 
before and after exposure to medium. After 24 hours, there seemed to be a slight 
increase in calcium and phosphorus on alkali etched titanium surfaces. The 
presence of the proteins seemed to inhibit the precipitation of calcium and 
phosphorus on the titanium surfaces. Other research groups have investigated 
calcium and phosphorus adsoiption to titanium in the presence of one or two 
proteins, serum albumin (Serro et al 1997, Klinger et al 1997, Zeng et al 1999), 
fibronectin (Serro et al 2000, Kilpadi et al 2001) or fibronectin and vitronectin 
(Klipadi et al 2001). They all came to the same conclusion, which is, that the 
presence of proteins reduces the amount of detectable calcium and phosphorus.
Mustafa et al (2002) cultured osteoblasts on titanium surfaces for 4 weeks and 
analysed their surface chemical composition by XPS. They found a large increase 
in nitrogen and carbon on the surfaces as well as small amounts of calcium (below 
1%) and phosphorus (around 1%). The surface concentration of calcium and 
phosphorus were similar on their titanium surfaces compared to this study,
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although they did not find any calcium on their tested surfaces before exposure to 
a cell culture, so there was some calcium adsorption from the cell culture. They 
also suggested that because osteoblasts increase the concentration of calcium and 
phosphorus ions in the solution surrounding tlie titanium surfaces, this might aid 
calcium and phosphate precipitating. They made and attempt to confirm their 
suggestion by analysing titanium surfaces, which have been exposed to fibroblast 
cell cultures. No calcium was found on those titanium surfaces (Mustafa et al 
2002). Nishio et al (2000) found more calcium and phosphate on alkali etched + 
heat-treated titanium surfaces compared to polished titanium after exposing the 
titanium surfaces to a bone marrow cell culture. In this study, alkali etched + heat- 
treated titanium surfaces also showed the highest level of calcium and 
phosphorus, though not a large amount (around 1% and 0.4% respectively). There 
was no evidence of any phosphorus adsorption onto polished and glass bead 
blasted titanium surfaces before 10 and 20 days of exposure to medium, and only 
trace amounts of calcium could be identified on polished titanium and only half 
the amount of calcium found on etched titanium was seen on blasted surfaces.
Zeng et al (1999) and Kilpadi et al (2001) found that more protein adsorbs to 
hydroxyapatite/calcium phosphate surfaces compared to cp titanium. This might 
explain the greater amount of proteins having been adsorbed to alkali etched + 
heat-treated titanium surfaces in this study because the surface concentration of 
calcium and phosphorus was highest there before exposure to cell culture 
medium.
Sodium, which was identified on etched and blasted titanium, was almost 
completely removed after medium exposure. The theory (Kim et al 1997, 1999, 
Takadama et al 2001) is that sodium ions on the alkali etched titanium surfaces 
are exchanged with H30 + ions in the fluid to form Ti-OH groups. These Ti-OH 
groups immediately incorporate calcium ions to form a calcium titanate layer. 
This layer then incorporates phosphate ions and a calcium phosphate layer is 
created. This theory might also be applied for the glass bead blasted titanium 
surfaces, since the level of sodium was also greatly reduced after medium contact.
Investigations of the bone titanium interface, in vitro 124
ION A N D  PROTEIN AD SO RP TI ON
Calcium and phosphorus adsoiption is thought to be the key for successful 
osseointegration and bone bonding, so in this study the alkali etched titanium 
surfaces showed the most potential for the formation of a calcium phosphate layer 
because it had the highest surface concentrations of calcium and phosphorus after 
having been exposed to HBSS and cell culture medium. The next best 
performance regarding the previously stated conditions was the glass bead blasted 
surfaces. Polished titanium surfaces had the least potential for the formation of a 
calcium phosphate layer.
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4.3 Cell adhesion strength tests in vitro
Cell adhesion to titanium implant surfaces after insertion is important to achieve 
close contact or bone bonding between the titanium surface and bone 
(osseointegration). Osteoblasts need to adhere strongly in order to not be removed 
easily due to micro movements between implant and bone. If osteoblasts are 
attached to the titanium implant surface then bone can be formed directly at the 
implant surface, which leads to a gap free integration of the implant with direct 
contact between the titanium implant surface and bone.
Cell adhesion strength of human osteoblasts to 3 different types of cp titanium 
surfaces (polished, glass bead blasted and alkali etched +heat-treated) was 
investigated using various centrifugal accelerations up to 40,000 g. The difference 
between tensile adhesion strength of cells, where cell detachment force acts 
normal to the substrate surface, and shear adhesion strength of cells using shear 
forces, where friction between the material and the cell may also play a role, was 
investigated. Considering the results of the previous chapters about ion and 
protein adsorption, where the different surfaces did not show much difference in 
the amount of proteins and ions having been adsorbed, the main effect on cell 
adhesion strength may be surface roughness and topography. Further 
investigations will therefore rather be based on surface structure with the 
hypothesis that surface roughness and topography have a strong influence on cell 
adhesion strength.
4.3.1 Cell culture
4.3.1.1 Human bone derived cell (HBDC) culture
The Human Bone Derived Cell (HBDC) culture system was set up according to 
the culture protocol by Gundle et al (1998); cancellous bone fragments were taken 
from the femoral head of patients undergoing total hip replacement for 
degenerative arthritis who were donating their femoral heads to the National 
Blood Service and Tissue Bank, Patient suitability was established by a 
questionnaire and screening for infectious diseases by the hospital involved
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(Kingston Hospital, London UK, and Basingstoke, UK). To gain permission from 
patients to use cancellous bone from their femoral heads after hip replacement for 
biomedical engineering research purposes at the University of Surrey (Guildford, 
UK), an information sheet and consent form was written for tlie patients to read 
and sign. Ethical approval for these documents was attained from the ethics 
committee of the University of Surrey (ACE/2000/56/SMME). After the patients 
had given permission to use their bone, cancellous bone fragments were removed 
from the inside of the femoral head with a bone curette during surgery and 
transferred into a sterile container containing PBS (phosphate buffered saline). 
The specimens were transported to the laboratory and processed with minimal 
delay (same day).
In the cell culture laboratory, the cancellous bone fragments were transferred into 
sterile tube with 10 ml sterile PBS. The bone was cut into small pieces inside the 
tube and then vortexed for about 20 seconds to remove haematopoietic tissue and 
dislodged cells. The used PBS was replaced with fresh PBS and the bone 
fragments are vortexed again. This procedure was repeated until the bone 
fragments appeared ivory white (no more haematopoietic material visible).
Human bone derived cells were cultured using the following:
© DMEM (Dulbecco’s Modification of Eagle’s Medium -  
Sigma-Aldrich Company Ltd, UK)
© 2 mM L-glutamine (Sigma-Aldrich Company Ltd, UK)
© lOOpM L-ascorbic acid (Sigma-Aldrich Company Ltd, UK) 
© 10% foetal calf serum (Sigma-Aldrich Company Ltd, UK)
© 50pg/pl gentamycine (Sigma-Aldrich Company Ltd)
© 10 nM dexamethasone (Sigma-Aldrich Company Ltd)
© 3-5 g bone fragments per flask
at 37°C and 5% CO2. After 7 days the medium was changed, then again at 14 days 
and subsequently every 5-7 days. After 14 days cells were found to proliferate
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from the bone surfaces. Cultures were supposed to achieve confluence after 
approximately 4-6 weeks but they all suffered fungal infections before confluence 
was ever achieved. The supply of bone fragments was restricted due to a shortage 
of suitable patients. This caused long waiting periods. So, due to the reoccurring 
problem of fungal infections of the HBDC cultures and the limited time available 
to perform the experiments, it was decided to continue the experiments using a 
cell line.
4.3.1.2 Cell line G-292 clone A141B1
The human osteosarcoma cell line G-292 clone A141B1 (ECACC- European 
collection of Cell Cultures, Salisbury, UK) was chosen because it has been found 
(Bradford et al 2000) to be a valid experimental model for primary human 
osteoblasts, expressing osteoblastic mRNA encoding osteocalcin, bone 
sialoprotein, alkaline phosphatase, a 1-collagen, epidermal growth factor receptor, 
and BMP (bone morphogenic protein) type II receptor. In the presence of ascorbic 
acid and (3-glycerophosphate long term cultures of G-292 were found to undergo 
further osteoblastic differentiation, forming nodules and showing limited 
mineralisation.
The G-292 cell line was cultured using:
© McCoy’s 5 A medium (Sigma-Aldrich Company Ltd, UK)
© 10% foetal calf serum (Sigma-Aldrich Company Ltd, UK)
© 2 mM L-glutamine (Sigma-Aldrich Company Ltd, UK)
® 100 U/ml Penicillin + 100 pg/ml Streptomycin (Sigma-Aldrich
Company Ltd, UK)
at 37°C and 5% C02. Cells were grown to confluence, then trypsinised with 
0.25% trypsin/0.02% EDTA (Sigma-Aldrich company Ltd) and seeded onto 
titanium disks.
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4.3.2 Experimental procedure
4.3.2.1 Cell seeding
Autoclaved titanium disks (described previously in chapter 4.1) were placed into a 
sterile 24-well plate, using sterile forceps under sterile conditions (cell culture 
hood - class II). Osteoblasts, which were grown to confluence in 80 cm2 cell 
culture flasks, were removed form the flask and then counted using a 
haemocytometer. Cells were seeded onto 7 titanium disks of each surface 
treatment, using a pipette, at 50,000 cells per disk and incubated for 2 hours 
(without additional media) to allow the cells to settle. After 2 hours 1.5 ml of 
complete cell culture medium was added to each well and then again incubated at 
37°C and 5% C02 for 2 days.
4.3.2.2 Centrifugation
The method used here is a modification of the method used by Derhami et al 
(2000), who placed titanium disks inverted into lml cryotubes (cells facing 
towards to bottom of the tubes) filled with pre-warmed PBS (37°C) and 
centrifuged them using a swinging bucket rotor to study cell adhesion strength. In 
this study centrifugation tube inlays were designed to ensure that the position and 
orientation of the titanium disks remain unchanged during the course of 
centrifugation.
The titanium disks with cells were centrifuged in an ultracentrifuge (Beckmann 
L7 -  University of Surrey, SBS, UK) with a swinging bucket rotor at 10,000g, 
20,000g, 30000g, and 40000g (g = 9.81 m/s2). To ensure that the centrifugal force 
acted normal and horizontal to the titanium surfaces and therefore the cells during 
the experiments, two centrifugation tube inlays, one for tensile forces and one for 
shear forces were designed to hold the titanium disks in a fixed position.
4.3.2.2.1 Centrifugation inlays
Engineering nylon was chosen as a material for the centrifugation inlays because 
it is lightweight and strong. It was calculated that the material had to withstand a
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maximum force (occurring at 70,000 x g) of 9000 N, which translates into a stress 
of 20 MPa for tensile force inlay and 27 MPa for shear forces.
Design centrifugation tube inlay for tensile forces
Figure 65: centrifugation inlay for tensile adhesion strength m easurements
Outside:
• 24.5 mm in diameter
• 40 mm in height
• Conical bottom to fit centrifugation tubes
• Indent on the side to allow liquid to flow through an to grip the inlay with
forceps to insert and take out of the centrifugation tubes
Inside:
• 5 mm diameter hole through the centre, 25 mm deep
• 10 mm hole through the centre, 4mm deep
• Horizontal hole through the vertical centre of the inlay and the indents on 
the sides with 3 mm diameter. This allows liquid to escape from the inside 
of the holes.
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Centrifugation inlay for shear forces
Figure 66 : centrifugation inlay for shear adhesion strength m easurem ents
Dimensions:
• Diameter 24.5 mm
• Conical bottom (left) to fit centrifugation tubes
• Height 40 mm
• Indent on the sides to allow liquid to flow through an to grip the inlay with
forceps to insert and take out of the centrifugation tubes
• 20 mm cut out with hole in the centre with 10 mm diameter and 4 mm
deep to fit the titanium disks cells facing up.
4.3.2.2.2 Centrifugation assay
Two days after seeding G-292 cells onto the titanium surfaces the titanium disks 
were carefully transferred from the 24-well-plate into the centrifugation inlays, 
cells facing towards the conical bottom of the tensile force centrifugation inlays 
and cells facing away from the shear force centrifugation inlays, under sterile 
conditions, using sterile forceps. The inlays were then inserted into the 
centrifugation tubes and filled with 20ml pre-warmed PBS (37°C).
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Six titanium disks were centrifuged at a time for 5 minutes at 10,000g, 20,000g, 
30,000g or 40,000g. The experiments were repeated twice using 2 disks per 
surface treatment each time. One set of experiments included 2 titanium disks per 
surface treatment per speed for centrifugation and 3 per surface treatment for 
assessing confluence of osteoblasts on the titanium surfaces before centrifugation. 
That means that 4 disks per surfaces treatment were analysed per speed. This 
number of titanium disks per surface treatment was chosen, because in biological 
experiments it is common to perform any test at least 3 times. The use of 4 disks 
(test performed 4 times) was more convenient in this study because centrifugation 
at one speed was performed with 2 disks per surface treatment.
The titanium disks used for assessing confluence before centrifugation were 
treated the same way as the others, i.e., placed in the centrifugation inlays 
containing pre-warmed PBS, to avoid including any unattached or easily removed 
cells, which may get lost due to the handling of the disks, in the comparison 
between cell coverage before and after centrifugation.
After centrifugation the titanium disks were carefully transferred back into the 24- 
well-plate, which was filled with fresh pre-warmed PBS. The titanium surfaces 
were prepared for fluorescent microscopy by labelling the cells with fluorescein 
diacetate.
4.3.2.3. Fluorescent microscopy
Cell coverage in area % of osteoblasts on alkali etched + heat-treated, glass bead 
blasted and polished titanium surfaces was assessed by fluorescent microscopy 
using the microscope model Leica 550 (University of Surrey, SBS, UK) with 
reflective fluorescent light.
Due to the fact that the whole disk surface could not be analysed at once, 3 areas 
were randomly chosen on each disk surface, taking care that no overlap between
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the areas occurred. The disk were analysed by employing a lOx microscopy lens 
and talcing an image with a digital camera, which was connected to the 
microscope. The images were analysed, using a software designed for this 
biological applications (Leica 550), by assessing area coverage of cells against 
background using a routine written for this task (D. Lamb, SBS, University of 
Surrey), which assesses each pixel in the image and assigns it to cell coverage or 
background (cells: different shades of grey, background: black). Cell number was 
too high on the titanium disk to actually count cells, therefore the area of cell 
coverage was chosen.
4.3.2.4 Data processing
Due to the issue that cells did not reach confluence on the titanium surfaces after 2 
days in culture and cell coverage varied between the separate experiments the data 
had to be normalised to enable comparison. The data was normalised by setting 
the cell coverage on un-centrifuged titanium disk surfaces to 100% cell coverage 
and calculating the according cell coverage after centrifugation by employing the 
following equation:
w Area%after
Area%norm = ----------------xl00%
Areci%before
o Area% norm: normalised data after centrifugation
© Area% after: raw data (actual values) after centrifugation
0 Area% before: raw data (actual values) before centrifugation
One data set (one speed, one surfaces treatment) consisted of 12 values of cell 
coverage in area % after centrifugation.
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4.3.2.S Statistical evaluation
The centrifugation data was evaluated using the statistics program GraphPad 
Instat (version 3.05 for windows 95/NT, GraphPad software, San Diego, 
California, USA).
The data sets for the 3 different surfaces treatments were compared at each g- 
force; that is at 5,000 g, 10,000 g, 20,000 g, 30,000 g, 40,000 g.
® The average and standard deviation was calculated for each data set 
© Kruksal Wallis test (nonparametric ANOVA) with the post test following the 
Krulcsal Wallis test (Dunn’s Multiple Comparisons Test) was used to evaluate 
the significance of the differences between the various surface treatments, for 
non-parametric data.
The Kruksal Wallis test, followed by Dunn’s Multiple Comparisons tests, was 
chosen because the data is unpaired, a Gaussian distribution could not be 
assumed, and it compares the difference between more than two independent 
samples.
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4.3.3 Results fro m  cell adhesion  strength tests
This part of the chapter presents the results from the cell adhesion strength test, 
firstly, separately for each g-force and force direction (tensile or shear force) and, 
secondly, all g-forces together for tensile forces and shear forces.
4.3.3.1 Cell coverage before centrifugation
Cell coverage before centrifugation on alkali etched + heat-treated titanium 
surfaces after two days in culture varied between 50% -75 % (Figure 69). On glass 
bead blasted titanium surface between 60 -  80% (Figure 68) and on polished 
titanium surfaces between 50 -  80% (Figure 67).
lOO^m
Figure 67: cell coverage on polished cp titanium  surfaces after 2 days in culture before 
centrifugation. M agnification 10 xs.
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Figure 68 : cell coverage on glass bead blasted cp titanium surfaces after 2 days in culture 
before centrifugation. M agnification 10 xs.
lOOum
Figure 69: cell coverage on alkali etched + heat-treated cp titanium surfaces after 2 days 
in culture before centrifugation. M agnification lOx.
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Cells were found to be well spread on all tested titanium surfaces after 2 days in 
culture. The cells on polished and on alkali etched + heat-treated cp titanium 
surfaces were mostly slightly elongated (Figures 67, 69), whereas cells on glass 
bead blasted titanium surfaces had a rounder appearance and were only 
occasionally elongated (Figure 68).
4.3.3.2 Tensile force
Cell adhesion strength vertical to the surfaces was tested using the centrifugation 
inlay designed for tensile force measurement and exposing the titanium surfaces 
to various g-forces.
5,000 g
The following Tables and diagram show the normalised raw data (Table 16) and 
the average and standard deviation (Table 17, diagram 70) for the coverage of 
cells in area% on alkali etched + heat-treated, glass bead blasted, and polished cp 
titanium surfaces after centrifugation at 5,000 g (relative centrifugal force -  RCF).
Table 16: norm alised raw data for cell coverage in area% on alkali etched + heat-treated, 
glass bead blasted, and polished cp titanium  surfaces after centrifugation at 5,000 g
Alkali 54.5 57.8 67.2 35.2 60.4 73.7 76.6 78.2 75.1 72.3 66.4 55.8
Blasted 97.7 98.1 88.5 92.7 91 99.3 91.5 88.3 65.1 69.2 82.7 94.1
Polished 56 50 43.2 43.8 52 45.2 30 39.6 34.1 47.2 39.8 28.2
Table 17: average and standard deviation o f norm alised raw data for cell coverage in 
area%  on alkali etched + heat-treated, glass bead blasted, and polished cp titanium 
surfaces after centrifugation at 5,000 g
Average in % Standard deviation in %
Alkali 66.93 8.36
Blasted 88.18 10.94
Polished 42.42 8.56
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Figure 70: average and standard deviation of cell coverage in area % on alkali etched + heat- 
treated (column A), glass bead blasted (column B), and polished (column C) cp titanium surfaces
after centrifugation at 5,000 g.
After centrifugation at 5,000 g, glass bead blasted titanium surfaces retained the 
highest average percentage of cell coverage with 88%. Some blasted surfaces 
even nearly showed 100% cell coverage after centrifugation. The glass bead 
blasted surfaces were followed by alkali etched + heat-treated cp titanium surfaces 
with and average cell coverage of 67% after centrifugation at 5,000 g. The 
polished titanium surface showed the least cells remaining at the surfaces with 
42% cell coverage after centrifugation.
Statistical significance of differences between surface treatments
To assess the statistical significance (p-value) of the differences in cell coverage 
between the various surface treatments after centrifugation at 5,000 g a multiple 
comparison test was performed.
The following Table shows the results of the Kruskal Wallis test, followed by 
Dunn’s Multiple Comparisons Test.
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Table 18: level of significance (p value) for multiple comparisons for area of cell 
coverage in % for alkali etched + heat-treated, glass bead blasted and polished cp titanium
surfaces.
Comparison Level of significance
Alkali vs. blasted p>0.05 ns
Alkali vs. polished p<0.01
Blasted vs. polished pcO.OOl
The differences between the cell coverage after centrifugation on alkali etched 
+heat-treated and polished were found to be significant at p<0.01. The 
significance of the differences of cell coverage between glass bead blasted and 
polished cp titanium was found to be high with a pcO.OOl. No significant 
differences were identified between alkali etched + heat-treated and glass bead 
blasted cp titanium surfaces (p>0.05).
1 0 , 0 0 0  g
The following Tables and diagram show the normalised raw data (Table 19) and 
the average and standard deviation (Table 20, diagram 71) for the coverage of 
cells in area% on alkali etched + heat-treated, glass bead blasted, and polished cp 
titanium surfaces after centrifugation at 10,000 g (relative centrifugal force -  
RCF).
Table 19: normalised raw data for cell coverage in area% on alkali etched + heat-treated, 
glass bead blasted, and polished cp titanium surfaces after centrifugation at 10,000 g
Alkali 53 56 43.4 46.2 50.6 48.2 34.3 42.8 61.2 49.4 45 48
Blasted 51.3 73.9 64.7 67.4 68.8 68.9 71.6 80.2 66.7 66.6 76.2 61.3
Polished 43.7 24.6 25.5 29.3 35.6 39.8 27.1 42.3 37.2 29 22.3 22.8
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Table 20: average and standard deviation o f norm alised raw data for cell coverage in 
area% on alkali etched + heat-treated, glass bead blasted, and polished cp titanium 
surfaces after centrifugation at 10,000 g
Average Standard deviation
Alkali 48.17 6.87
Blasted 68.13 7.41
Polished 31.6 7.73
10OOOxg normal force 
M ean and S tandard  Deviation
Area of cell 
coverage in % 30
Column
Figure 71: average and standard deviation of cell coverage in area % on alkali etched + heat- 
treated (column A), glass bead blasted (column B), and polished (column C) cp titanium surfaces
after centrifugation at 10,000 g.
After exposing the cells on the titanium surfaces to 10,000 g it was found that the 
area of cell coverage on glass bead blasted titanium surfaces was the highest with 
68%, again followed by alkali etched titanium surfaces with 48% and last by 
polished titanium with 32%.
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Statistical significance of differences between surface treatments
To assess the statistical significance (p-value) of the differences in cell coverage 
between the various surface treatments after centrifugation at 10,000 g a multiple 
comparison test was performed.
The following Table shows the results of the Kruskal Wallis test, followed by 
Dunn’s Multiple Comparisons Test.
Table 21: level of significance (p value) for multiple comparisons for area of cell 
coverage in % for alkali etched + heat-treated, glass bead blasted and polished cp titanium
surfaces.
Comparison Level of significance
Alkali vs. blasted p<0.05
Alkali vs. polished p<0.05
Blasted vs. polished pcO.001
The differences of cell coverage after centrifugation between alkali etched +heat- 
treated, polished and glass bead blasted cp titanium was found to be significant at 
p<0.05. The difference between glass bead blasted and polished cp titanium 
surfaces was found to be highly significant with a p<0.001.
20,000 g
The following Tables and diagram show the normalised raw data (Table 22) and 
the average and standard deviation (Table 23, diagram 72) for the coverage of 
cells in area% on alkali etched + heat-treated, glass bead blasted, and polished cp 
titanium surfaces after centrifugation at 20,000 g (relative centrifugal force -  
RCF).
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Table 22: normalised raw data for cell coverage in area% on alkali etched + heat-treated, 
glass bead blasted, and polished cp titanium surfaces after centrifugation at 20,000 g
Alkali 26.8 19.6 30.7 40.7 33.7 26.7 22.5 42.2 47 40.8 40.6 39.0
Blasted 74.9 64.0 77.7 55.6 69.0 70.8 50.3 61.2 66.6 65.7 53.8 58.8
Polished 6.7 10.5 5.3 6.2 7.7 7.9 10.1 9.3 10.1 7.1 9.3 11
Table 23: average and standard deviation of normalised raw data for cell coverage in 
area% on alkali etched + heat-treated, glass bead blasted, and polished cp titanium 
surfaces after centrifugation at 20,000 g
Average Standard deviation
Alkali 34.13 8.75
Blasted 64.03 8.44
Polished 8.43 1.86
Area of cell 
coverage in %
70-
20000 x g normal force 
M ean and S tandard  Deviation
Column
Figure 72: average and standard deviation of cell coverage in area % on alkali etched + heat- 
treated (column A), glass bead blasted (column B), and polished (column C) cp titanium surfaces
after centrifugation at 20,000 g.
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After centrifugation at 20,000 g cell coverage on glass bead blasted titanium 
surfaces was found to be 64% (Figure 74), which was not much lower than after 
centrifugation at 10,000 g. Cell coverage on alkali etched + heat-treated surfaces 
cell coverage area had dropped to 34% (Figure 73) after centrifugation at 20,000 
g, which was still much higher than the cell coverage area on polished cp titanium 
surfaces of 8% (Figure 75), where most cells had been removed.
lOOgm
Figure 73: cell coverage on alkali etched +heat-treated titanium surfaces after
centrifugation at 20,000 g
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100pm
Figure 74: cell coverage on glass bead blasted titanium surfaces after centrifugation at
20,000 g
100pm
Figure 75: cell coverage on polished titanium surfaces after centrifugation at 20,000 g
Investigations of the bone titanium interface, in vitro 144
CELL ADHESION
Statistical significance of differences between surface treatments
To assess the statistical significance (p-value) of the differences in cell coverage 
between the various surface treatments after centrifugation at 20,000 g a multiple 
comparison test was performed.
The following Table shows tlie results of the Kruskal Wallis test, followed by 
Dunn’s Multiple Comparisons Test.
Table 24: level of significance (p value) for multiple comparisons for area of cell 
coverage in % for alkali etched + heat-treated, glass bead blasted and polished cp titanium
surfaces.
Comparison Level of significance
Alkali vs. blasted p<0.05
Alkali vs. polished p<0.05
Blasted vs. polished pcO.001
The differences between the cell coverage after centrifugation on alkali etched 
+heat-treated versus glass bead blasted and versus polished cp titanium surfaces 
was found to be significant with a p<0.05. The difference between glass bead 
blasted and polished cp titanium surfaces was found to be highly significant
(p<0.001).
30,000 g
The following Tables and diagram show the normalised raw data (Table 25) and 
the average and standard deviation (Table 26, diagram 76) for tire coverage of 
cells in area% on alkali etched + heat-treated, glass bead blasted, and polished cp 
titanium surfaces after centrifugation at 30,000 g (relative centrifugal force -  
RCF).
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Table 25: norm alised raw data for cell coverage in area% on alkali etched + heat-treated, 
glass bead blasted, and polished cp titanium  surfaces after centrifugation at 30,000 g
Alkali 10.4 9.5 9.2 12.5 9.0 7.9 9.4 8.2 11.8 12.4 11.9 10.7
Blasted 12.8 11.4 15.0 11.3 12.2 14.1 13.4 13.6 10.8 13.0 13.6 12.6
Polished 8.2 8.8 7.9 3.2 5.7 3.5 5.1 4.6 6.0 7.3 6.4 6.3
Table 26: average and standard deviation o f norm alised raw data for cell coverage in 
area%  on alkali etched + heat-treated, glass bead blasted, and polished cp titanium 
surfaces after centrifugation at 30,000 g
Average Standard deviation
Alkali 10.24 1.62
Blasted 12.82 1.24
Polished 6.08 1.79
30000  x g normal force 
M ean and S tandard  Deviation
I l kA B C
Column
Figure 76: average and standard deviation of cell coverage in area % on alkali etched + heat- 
treated (column A), glass bead blasted (column B), and polished (column C) cp titanium surfaces
after centrifugation at 30,000 g.
Area o f cell 
coverage in %
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Area of cell coverage had dropped considerably on glass bead blasted and alkali 
etched + heat-treated cp titanium surfaces after centrifugation at 30,000 g. Area of 
cell coverage on blasted surfaces was now 13% and on etched surfaces 10%, The 
polished titanium surfaces, however, were still found to have a lower area of cell 
coverage with 6%.
Statistical significance of differences between surface treatments
To assess the statistical significance (p-value) of the differences in cell coverage 
between the various surface treatments after centrifugation at 30,000 g a multiple 
comparison test was performed.
The following Table shows the results of the Kruskal Wallis test, followed by 
Dunn’s Multiple Comparisons Test.
Table 27: level o f significance (p value) for m ultiple com parisons for area of cell 
coverage in % for alkali etched + heat-treated, glass bead blasted and polished cp titanium
surfaces.
Comparison Level of significance
Alkali vs. blasted Not significant p>0.05
Alkali vs. polished p<0.05
Blasted vs. polished pcO.OOl
After centrifugation at 30,000 g the differences in the area of cell coverage 
between alkali etched and blasted titanium surface was found to be not significant 
with p>0.05. The differences between alkali etched + heat-treated and polished 
surfaces were found to statistically significant with p<0.05, and glass bead blasted 
versus polished titanium was found to be highly significant with pcO.OOl.
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40,000 g
The following Tables and diagram show the normalised raw data (Table 28) and 
the average and standard deviation (Table 29, diagram 77) for the coverage of 
cells in area% on alkali etched + heat-treated, glass bead blasted, and polished cp 
titanium surfaces after centrifugation at 40,000 g (relative centrifugal force -  
RCF).
Table 28: normalised raw data for cell coverage in area% on alkali etched + heat-treated, 
glass bead blasted, and polished cp titanium surfaces after centrifugation at 40,000 g
Alkali 3.4 3.0 3.8 2.9 3.6 2.8 3.5 4.1 3.2 3.9 2.6 4.0
Blasted 3.9 3.7 3.9 3.4 4.0 2.9 5.0 5.1 4.8 4.2 3.8 4.7
Polished 1.3 1.1 0.5 0.9 0.8 0.7 1.1 0.7 0.6 1.0 0.8 1.2
Table 29: average and standard deviation of normalised raw data for cell coverage in 
area% on alkali etched + heat-treated, glass bead blasted, and polished cp titanium 
surfaces after centrifugation at 40,000 g
Average Standard deviation
Alkali 3.4 0.5
Blasted 4.12 0.67
Polished 0.89 0.25
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Figure 77: average and standard deviation of cell coverage in area % on alkali etched + heat- 
treated (column A), glass bead blasted (column B), and polished (column C) cp titanium surfaces
after centrifugation at 40,000 g.
After centrifugation at 40,000 g nearly all cells had been removed from polished 
titanium surfaces (below 1% left). On alkali etched + heat-treated and glass bead 
blasted titanium surfaces areas of cell coverage of about 3% and 4%, respectively, 
were left at the titanium surfaces.
Statistical significance of differences between surface treatments
To assess the statistical significance (p-value) of the differences in cell coverage 
between the various surface treatments after centrifugation at 40,000 g a multiple 
comparison test was performed.
The following Table shows the results of the Kruskal Wallis test, followed by 
Dunn’s Multiple Comparisons Test.
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Table 30: level of significance (p value) for multiple comparisons for area of cell 
coverage in % for alkali etched + heat-treated, glass bead blasted and polished cp titanium
surfaces.
Comparison Level of significance
Alkali vs. blasted p>0.05 not significant
Alkali vs. polished pc 0.01
Blasted vs. polished pcO.OOl
The difference in cell coverage between alkali etched + heat-treated and glass 
bead blasted titanium surfaces was not found be significant with p>0.05. The 
difference between alkali etched + heat-treated and polished titanium surfaces was 
found to be significant at a level of p<0.01. Glass bead blasted surfaces versus 
polished titanium, however, were found to be highly significant with pcO.OOl.
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4.3.3.3 Shear force
Cell adhesion strength tangential to the surfaces was tested using the 
centrifugation inlay designed for shear force measurement and exposing the 
titanium surfaces to various g-forces.
5,000 g
The following Tables and diagram show the normalised raw data (Table 31) and 
the average and standard deviation (Table 32, diagram 78) for the coverage of 
cells in area% on alkali etched + heat-treated, glass bead blasted, and polished cp 
titanium surfaces after centrifugation at 5,000 g (relative centrifugal force -  RCF).
Table 31: normalised raw data for cell coverage in area% on alkali etched + heat-treated, 
glass bead blasted, and polished cp titanium surfaces after centrifugation at 5,000 g
Alkali 68.4 47.9 66.6 44.0 49.0 53.8 67.7 61.2 42.6 49.1 79.1 66.2
Blasted 69.0 75.7 67.9 73.9 83.4 71.7 59.8 74.1 62.9 76.8 70.4 74.3
Polished 97.3 95.9 86.5 91.2 79.7 85.3 96.3 99.4 98.1 74.8 84.2 93.6
Table 32: average and standard deviation of normalised raw data for cell coverage in 
area% on alkali etched + heat-treated, glass bead blasted, and polished cp titanium 
surfaces after centrifugation at 5,000 g
Average Standard deviation
Alkali 57.97 11.72
Blasted 71.66 6.32
Polished 90.19 7.98
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Figure 78: average and standard deviation of cell coverage in area % on alkali etched + heat- 
treated (column A), glass bead blasted (column B), and polished (column C) cp titanium surfaces
after centrifugation at 5,000 g.
After centrifugation with forces acting tangential to the surfaces at 5,000 g it was 
found that the polished titanium surfaces retained the highest amount of cells with 
an average of 90%. The next highest amount of cell coverage was found on the 
glass bead blasted surfaces with nearly 72%. Alkali etched + heat-treated titanium 
surfaces showed the lowest cell coverage of cells with 58% after centrifugation at 
5000 x g.
Statistical significance
To assess the statistical significance (p-value) of the differences in cell coverage 
between the various surface treatments after centrifugation at 5,000 g, using shear 
forces, a multiple comparisons test was performed.
The following Table shows the results of the Kruskal Wallis test, followed by 
Dunn’s Multiple Comparisons Test.
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Table 33: level of significance (p value) for multiple comparisons for area of cell 
coverage in % for alkali etched + heat-treated, glass bead blasted and polished cp titanium
surfaces.
Comparison Level of significance
Alkali vs. blasted p>0.05 ns
Alkali vs. polished p<0.001
Blasted vs. polished pcO.Ol
The differences in cell coverage after centrifugation at 5000g between alkali 
etched and glass bead blasted titanium surfaces was found to be not statistically 
significant with p>0.05. Comparison between alkali etched and polished surfaces 
showed high statistical significant of the differences in cell coverage, with 
pcO.OOl. Statistical significance was also found between the differences of cell 
coverage on glass bead blasted titanium surfaces versus polished titanium 
surfaces, with pcO.Ol.
10,000 g
The following Tables and diagram show the normalised raw data (Table 34) and 
the average and standard deviation (Table 35, diagram 79) for the coverage of 
cells in area% on alkali etched + heat-treated, glass bead blasted, and polished cp 
titanium surfaces after centrifugation at 10,000 g (relative centrifugal force -  
RCF).
Table 34: normalised raw data for cell coverage in area% on alkali etched + heat-treated, 
glass bead blasted, and polished cp titanium surfaces after centrifugation at 10,000 g
Alkali 28.4 19.3 20.6 22.3 30.4 24.6 25.7 23.6 15.4 27.0 21.7 18.0
Blasted 49.5 51.4 44.9 25.8 33.0 43.2 37.9 35.6 31.1 35.7 34.8 46.9
Polished 72.5 61.2 59.4 50.0 61.7 58.0 61.4 77.0 54.2 79.0 71.5 69.6
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Table 35: average and standard deviation o f norm alised raw data for cell coverage in 
area%  on alkali etched + heat-treated, glass bead blasted, and polished cp titanium 
surfaces after centrifugation at 10,000 g
Average Standard deviation
Alkali 23.08 4.41
Blasted 39.15 7.93
Polished 64.62 9.14
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Figure 79: average and standard deviation of cell coverage in area % on alkali etched + heat- 
treated (column A), glass bead blasted (column B), and polished (column C) cp titanium surfaces
after centrifugation at 10,000 g.
Alkali etched + heat-treated titanium surfaces were found to have retained the 
lowest amount of cell coverage on their surfaces with an average of only 23% 
(Figure 80), whereas the polished titanium surfaces showed almost three times the 
amount with about 65% (Figure 82), Cell coverage on glass bead blasted titanium 
surfaces was found to be 39% (Figure 81) after centrifugation using shear forces 
at 10,000g.
Investigations of the bone titanium interface, in vitro 154
CELL ADHESION
100pm
Figure 80: cell coverage on alkali etched + heat-treated cp titanium surfaces after 
centrifugation at 10,000 g, shear force. M agnification 10 xs.
100pm -----------------------
Figure 81: cell coverage on glass bead blasted cp titanium surfaces after centrifugation at
10,000 g, shear force. M agnification 10 xs
Investigations of the bone titanium interface, in vitro 155
CELL ADHESION
100pm
Figure 82: cell coverage on polished cp titanium  surfaces after centrifugation at 10,000 g,
shear force. M agnification 10 xs
Statistical significance
To assess the statistical significance (p-value) of the differences in cell coverage 
between the various surface treatments after centrifugation at 10,000 g a multiple 
comparison test was performed.
The following Table shows the results of the Kruskal Wallis test, followed by 
Dunn’s Multiple Comparisons Test.
Table 36: level o f significance (p value) for multiple com parisons for area of cell 
coverage in % for alkali etched + heat-treated, glass bead blasted and polished cp titanium
surfaces.
Comparison Level of significance
Alkali vs. blasted p<0.05
Alkali vs. polished p<0.001
Blasted vs. polished p<0.05
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The differences in cell coverage between alkali etched + heat-treated versus glass 
bead blasted and blasted versus polished titanium surfaces were found to be 
significant at p<0.05. Comparison of alkali etched versus polished surfaces 
showed high statistical significance with p<0.001.
20,000 g
The following Tables and diagram show the normalised raw data (Table 37) and 
the average and standard deviation (Table 38, diagram 83) for the coverage of 
cells in area% on alkali etched + heat-heated, glass bead blasted, and polished cp 
titanium surfaces after centrifugation at 20,000 g (relative centrifugal force -  
RCF).
Table 37: norm alised raw data for cell coverage in area% on alkali etched + heat-treated, 
glass bead blasted, and polished cp titanium  surfaces after centrifugation at 20,000 g
Alkali 7.6 5.6 6.9 7.1 5.0 6.3 3.8 5.6 5.2 5.0 4.9 4.5
Blasted 9.9 9.6 12.0 13.3 9.6 11.3 9.9 6.8 9.3 11.5 9.7 9.0
Polished 9.9 9.6 13.9 7.7 9.0 12.0 7.9 9.6 9.8 11.2 8.0 10.8
Table 38: average and standard deviation of norm alised raw data for cell coverage in 
area%  on alkali etched + heat-treated, glass bead blasted, and polished cp titanium 
surfaces after centrifugation at 20,000 g
Average Standard deviation
Alkali 5.62 1.14
Blasted 10.16 1.67
Polished 9.95 1.82
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Figure 83: average and standard deviation of cell coverage in area % on alkali etched + heat- 
treated (column A), glass bead blasted (column B), and polished (column C) cp titanium surfaces
after centrifugation at 20,000 g.
After centrifugation at 20,000g, using shear forces, 90% or more cells had been 
removed from all surfaces. Polished titanium surfaces had still retained the highest 
amount with 10%, followed closely by glass bead blasted surfaces with almost 
10%, and then alkali etched + heat-treated titanium surfaces with 5.6%.
Statistical significance
To assess the statistical significance (p-value) of the differences in cell coverage 
between the various surface treatments after centrifugation at 20,000 g a multiple 
comparison test was performed.
The following Table shows the results of the Kruskal Wallis test, followed by 
Dunn’s Multiple Comparisons Test.
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Table 39: level of significance (p value) for m ultiple com parisons for area o f cell 
coverage in % for alkali etched + heat-treated, glass bead blasted and polished cp titanium
surfaces.
Comparison Level of significance
Alkali vs. blasted pcO.OOl
Alkali vs. polished p<0.001
Blasted vs. polished p>0.05 ns
The differences between alkali etched + heat-treated versus glass bead blasted and 
versus polished titanium surfaces were found to be highly significant with 
pcO.OOl. However, comparison of glass bead blasted and polished titanium 
surface showed no statistical significance (p>0.05).
30,000 g
The following Tables and diagram show the normalised raw data (Table 40) and 
the average and standard deviation (Table 41, diagram 84) for the coverage of 
cells in area% on alkali etched + heat-treated, glass bead blasted, and polished cp 
titanium surfaces after centrifugation at 30,000 g (relative centrifugal force -  
RCF).
Table 40: norm alised raw  data for cell coverage in area% on alkali etched + heat-treated, 
glass bead blasted, and polished cp titanium  surfaces after centrifugation at 30,000 g
Alkali 4.7 3.9 4.3 4.6 5.5 4.2 3.7 4.1 4.4 6.1 5.8 4.4
Blasted 8.9 5.2 7.5 10.2 10.6 9.1 8.6 9.3 8.5 8.5 8.7 7.9
Polished 11.1 10.3 9.9 8.4 11.0 11.2 8.7 9.7 9.4 9.5 8.9 9.3
Table 41: average and standard deviation of norm alised raw data for cell coverage in 
area%  on alkali etched + heat-treated, glass bead blasted, and polished cp titanium  
surfaces after centrifugation at 30,000 g
Average Standard deviation
Alkali 4.64 0.76
Blasted 8.58 1.37
Polished 9.78 0.95
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Figure 84: average and standard deviation of cell coverage in area % on alkali etched + heat- 
treated (column A), glass bead blasted (column B), and polished (column C) cp titanium surfaces
after centrifugation at 30,000 g.
The area of cell coverage on polished titanium surfaces was still found to be 
almost 10%. Glass blasted titanium surfaces showed an area of 8.5% of cell 
coverage and alkali etched +heat-treated titanium surfaces an area of only 4.6%. 
Most cells had bee removed.
Statistical significance
To assess the statistical significance (p-value) of the differences in cell coverage 
between the various surface treatments after centrifugation at 30,000 g a multiple 
comparison test was performed.
The following Table shows the results of the Kruskal-Wallis, Dunn’s Multiple 
Comparisons Test.
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Table 42: level o f significance (p value) for m ultiple com parisons for area of cell 
coverage in % for alkali etched + heat-treated, glass bead blasted and polished cp titanium
surfaces.
Comparison Level of significance
Alkali vs. blasted pcO.Ol
Alkali vs. polished pcO.OOl
Blasted vs. polished p>0.05 Not significant
The differences between polished and glass bead blasted titanium surfaces were 
not found to be significant (p>0.05). Comparisons of alkali etched +heat-treated 
versus glass bead blasted titanium surfaces showed statistical significance at 
pcO.Ol and alkali etched versus polished titanium showed high significance with 
pcO.OOl.
40,000 g
The following Tables and diagram show the normalised raw data (Table 43) and 
the average and standard deviation (Table 44, diagram 85) for the coverage of 
cells in area% on alkali etched + heat-treated, glass bead blasted, and polished cp 
titanium surfaces after centrifugation at 40,000 g (relative centrifugal force -  
RCF).
Table 43: norm alised raw data for cell coverage in area% on alkali etched + heat-treated, 
glass bead blasted, and polished cp titanium  surfaces after centrifugation at 40,000 g
Alkali 1.4 1.3 1.40 1.3 1.4 0.6 0.7 0.8 0.5 0.5 0.8 0.8
Blasted 0.8 0.7 0.7 0.8 0.6 0.9 0.9 0.7 0.4 1 0.9 1.1
Polished 3.1 3.0 2.8 3.2 3.5 3.2 2.1 2.1 2.2 2.1 2.7 1.9
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Table 44: average and standard deviation o f norm alised raw data for cell coverage in 
area%  on alkali etched + heat-treated, glass bead blasted, and polished cp titanium 
surfaces after centrifugation at 40,000 g
Average Standard deviation
Alkali 0.96 0.37
Blasted 0.8 0.19
Polished 2.66 0.55
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Figure 85: average and standard deviation of cell coverage in area % on alkali etched + heat- 
treated (column A), glass bead blasted (column B), and polished (column C) cp titanium surfaces
after centrifugation at 40,000 g.
Nearly all cells (97%) had been removed after centrifugation at 40,000g from all 
surfaces, though polished titanium surfaces still showed a slightly higher area of 
cell coverage compared to glass bead blasted and alkali etched -i-heat-treated 
titanium surfaces.
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Statistical significance
To assess the statistical significance (p-value) of the differences in cell coverage 
between the various surface treatments after centrifugation at 40,000 g a multiple 
comparison test was performed.
The following Table shows the results of the Rruskal Wallis test, followed by 
Dunn’s Multiple Comparisons Test.
Table 45: level o f significance (p value) for m ultiple com parisons for area of cell 
coverage in % for alkali etched + heat-treated, glass bead blasted and polished cp titanium
surfaces.
Comparison Level of significance
Alkali vs. blasted p>0.05 not significant
Alkali vs. polished p<0.001
Blasted vs. polished pcO.OOl
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4.3.3.4 Cell detachment dependant on g-force
This part of the chapter illustrates the cell detachment of G-292 osteoblasts from 
glass bead blasted, alkali etched + heat-treated, and polished titanium surfaces 
depending on the relative centrifugal force (RCF or g-force) using either forces 
acting normal (Figure 86) or tangential (Figure 87) to the titanium surfaces.
4.3.3.4.1 Tensile force
The following diagram shows the cell coverage on titanium surfaces after 
centrifugation, depending on g-force, acting normal to the surface.
Normal force cell adhesion
0 5000 10000 15000 20000 25000 30000 35000 40000 45000
g-force
Figure 86: cell coverage in area% of alkali etched +heat-treated, glass bead blasted and 
polished titanium surfaces after centrifugation depending on g-force acting normal to the
surface.
The cell adhesion, regarding a tensile bond, on glass bead blasted titanium 
surfaces was found to be superior to the other two tested titanium surfaces. It had 
retained the highest amount of cells on their surfaces after centrifugation of up to
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30,000g. After centrifugation at 40,000g less than 5% of cells had been retained 
on any of the titanium surfaces, showing that the cell adhesion is not strong 
enough to withstand 40,000g acting normal to a surface for any of the tested 
surface treatments. Polished titanium surfaces always showed the lowest area of 
cell coverage after centrifugation at all speeds. Already having lost more than 
50% of cells on the surface after centrifugation at 5,000g, only 50% of cells 
adhering to alkali etched + heat-treated titanium surfaces could withstand a g- 
force of about 10,000g, showing slightly stronger adhesion compared to cells on 
polished titanium surfaces.
4.3.3.4.2 Shear force
The following diagram shows the cell coverage on titanium surfaces after 
centrifugation, depending on g-force, acting tangential to the surface.
Tangentia l force cell adhesion
0 5000 10000 15000 20000 25000 30000 35000 40000 45000
g-force
Figure 87: cell coverage in area% o f alkali etched -i-heat-treated, glass bead blasted and 
polished titanium surfaces after centrifugation depending on g-force acting tangential to
the surface.
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The performance, regarding cell adhesion strength, using forces tangential to the 
surface, of polished titanium surfaces was found to be superior compared to glass 
bead blasted and alkali etched + heat-treated titanium surfaces. More than 50% 
(65%) of cells adhering to polished titanium surfaces could with stand a g-force of 
10,000g, whereas glass bead blasted and alkali etched + heat-treated titanium 
surfaces could only retain more than 50% of cells (72% and 58%, respectively) at 
5,000g, showing that osteoblast adhesion, regarding shear' forces, was stronger on 
polished titanium surfaces than on blasted and alkali etched surfaces. However, 
only 10% or less of cells on all titanium surfaces could withstand g-forces of
20,000g.
4.3.3.S Cell adhesion strength
The actual cell adhesion strength was calculated using the formula proposed by 
Hubbe (1981):
F= (density of cell -  density of medium) x volume of cell x RCF x g
® RCF: relative centrifugal force (units expressed as x g)
© g: 9.81 m/s2
• Density of G-292 osteoblast: 1.05 g/cm3 (density gradient centrifugation)
© Density of PBS: 1.00 g/cm3
© Average volume of G-292 osteoblasts: 8,18 x 10'9 cm3
The density of cells was measured by Ficoll density gradient centrifugation 
(Sharpe 1988) by making up Ficoll solutions with different densities, in this case 
solutions of 1.01 g/cm3, 1.03 g/cm3, 1.05 g/cm3, and 1.07 g/cm3 in PBS. Cells 
were centrifuged with the various density solutions and the density of G-292 
osteoblasts was found to be 1.05 g/cm3.
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The volume of the G-292 cells was determined by measuring the diameter of 10 
osteoblasts in suspension and calculating the average (0.0025 cm) and then cell
volume (V=—x n x ^ /) .  Cell volume was found to be 8.18 x 10'9 cm3.6
Employing the above stated formula the adhesion strength of G-292 osteoblasts at 
the point where more than 50% of cells remained on the titanium surfaces was 
calculated.
Tensile force
Alkali etched + heat-treated titanium surfaces were found to have retained more 
than 50% of G-292 osteoblasts at 10,000g. The actual adhesion force of G-292 
cells at 10,000 g was found to be:
F= (1.05g/cm3 -  1.00g/cm3) x 8.18xl0'9 cm3 x 10000 x 981 cm/s2
F= 0.004 = 4.01 x 10‘8 N
S
Glass bead blasted titanium surfaces have been found to have retained more than 
50% of G-292 osteoblasts at 20,000g. The actual cell adhesion strength was 
calculated to be:
F= (1.05 g/cm3 -  1.00 g/cm3) x 8.18 x 10~9 cm3 x 20,000 x 981cm/s2
F = 0.008 8.02 x 10'8 N
5
Polished titanium surfaces have been found to have retained less than 50% of cells 
even at 5,000g. The actual cell adhesion strength was found to be less than:
F = (1.05 g/cm3 -  1.00 g/cm3) x 8.18 x 10'9 cm3 x 5000 x 981cm/s2
F= 0.002 gcm_ 2.006 x 10'8 N 
•S'
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Shear forces
Alkali etched + heat-treated titanium surfaces were found to have retained more 
than 50% of G-292 osteoblasts at 5,000g. The actual adhesion force of G-292 cells 
at 5,000 g was found to be:
F= (1.05g/cm3 -  1.00g/cm3) x 8.18 x 10'9 cm3 x 5,000 x 981 cm/s2
F= 0.002 ^  = 2.006 x 10‘8 N 
S
Glass bead blasted titanium surfaces have been found to have retained more than 
50% of G-292 osteoblasts at only 5,000g. The actual cell adhesion strength was 
calculated to be:
F= (1.05 g/cm3 -  1.00 g/cm3) x 8.18 x 10‘9 cm3 x 5,000 x 981cm/s2
F = 0.002 _ 2.006 x 10'8 N
S
Polished titanium surfaces have been found to have retained more than 50% of 
cells at 10,000g. The actual cell adhesion strength was found to be less than:
F = (1.05 g/cm3 -  1.00 g/cm3) x 8.18 x 10'9 cm3 x 10000 x 981cm/s2
F= 0.004 ^  = 4.01 x 10'8 N 
S
Table 46: cell adhesion strength of G-292 osteoblasts to alkali etched + heat-treated, glass 
bead blasted, and polished cp titanium  surfaces, having retained 50% or m ore cells on the
surfaces after centrifugation.
Surface treatment Tensile force x 10 8 N Shear force x 108 N
Alkali etched 4.01 2.006
Blasted 8.02 2.006
Polished <2.006 4.01
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4.3.4 Discussion of cell adhesion strength test results
Strong osteoblast adhesion to an implant surface is proposed to be important to 
achieving close contact or bonding between bone and implant. The forces acting 
on the bone implant interface may be compressive, tensile, shear, or a 
combination thereof, depending on the location and external (weight bearing) and 
internal (muscle action) loading characteristics.
For this study, two of the above named forces were used. Pure tensile cell 
adhesion strength, and pure shear adhesion strength of G-292 osteoblast-like cells 
was investigated by using centrifugal forces either vertical or tangential to alkali 
etched + heat-treated, glass bead blasted and polished titanium surfaces.
During tensile adhesion strength tests it was clear that the glass bead blasted 
titanium surfaces showed a significantly higher adhesion strength (8.02 x 10'8 N), 
in terms of the force required to detach less than 50% of osteoblasts, compared to 
alkali etched + heat-treated (4.01 x 10'8 N) titanium and especially polished 
titanium (<2.006 x 10'8 N) surfaces. This may be due to the greater surface 
roughness of glass bead blasted surfaces and therefore an enlarged surface area 
where more proteins, necessary for cell adhesion, may be adsorbed over the same 
distance e.g. compared to polished titanium.
However, for shear strength measurements a different picture was observed. Cells 
on polished titanium surfaces showed the highest adhesion strength, when 
exposed to shear forces. Less than 50% of osteoblasts were detached at 10,000g 
for polished titanium (4.01 x 10"8 N) surfaces, and less than 50% of osteoblasts 
were only detached from glass bead blasted and alkali etched + heat-treated 
titanium surfaces at centrifugal forces of 5000g (2.006 x 10~8 N).
Derhami et al (2000) investigated the tensile adhesion strength of fibroblasts from 
human skin to cp titanium with a surface roughness of 220 nm, using centrifugal 
forces. The surface roughness 220 nm of their titanium surfaces is closest to the 
alkali etched + heat-treated titanium surface used in this study, but the surface 
topography was very different. Derhami et al did not report the actual surface
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treatment or about the surface chemical composition, which would be important 
for direct comparison with other studies. Derhami et al have found that a relative 
centrifugal force of between 30,000g and 40,000g was necessary to detach 50% of 
fibroblasts from the titanium surfaces after culture for 3 and 5 days. After 1 day in 
culture only 15% of fibroblasts have been found to be detached from the titanium 
surfaces, using a relative centrifugal force of 40,000g, showing that cell adhesion 
strength may vary over time. Using the above stated formula (F= (density of cell -  
density of PBS) x cell volume x RCF x g), they calculated the adhesion strength 
per cell, at 50% detachment, after 5 days and 3 days in culture, after 
centrifugation, and found it to be 6.26 x 10‘8 N and 7.4 x 10'8 N, respectively. 
These results compare with the findings in this study, where only osteoblasts on 
glass bead blasted titanium surfaces could withstand 8.02 x 10'8 N (less than 50% 
detachment). Osteoblasts on etched titanium surfaces could only withstand 4.01 x 
10"8 N, and on polished titanium only less than 2.006 x 10‘8 N per cell. These 
discrepancies may be due to the different types of cells, including their different 
volume and cell densities, to culture time (here 2 days, Derhami et al 1, 3 and 5 
days), to differences in surface roughness and topography, and surface chemical 
composition, or to the slightly different experimental set-up. Derhami et al have 
simply inverted their titanium disks into cryotubes (no special position or 
orientation reported) and centrifuged them, whereas in this study centrifugation 
tube inlays have been designed to explicitly hold the titanium disks in a fixed 
position and orientation, resulting in an accurate force direction acting on the 
cells.
Thoumine et al (1996) was interested in the critical centrifugal forces, tangential 
to the substrate surface, necessary to induce adhesion rupture or structural 
reorganisation of epithelial cells cultured on tissue culture plastic. They found that 
a critical force in the range of 8 -  14 x 10"8 N was necessary to detach epithelial 
cells from tissue culture plastic slides and forces greater that 12-17xlO"8N was 
necessary to significantly elongate still adherent cells. Whereas, in this study the 
forces needed to detach osteoblasts from titanium surfaces, using shear forces, 
was much lower (2-4 x 10"8 N, less than 50% of cells detached) and no significant 
elongation of cells in force direction could be identified. Osteoblasts were
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detached at lower forces than given by Thoumine et al necessary for epithelial cell 
elongation. This may again be explained by the differences in cell type, material, 
surface roughness and surface chemical composition, and experimental set-up. 
Thoumine et al also placed the their plastic slides in centrifugation tubes and used 
a swinging bucket rotor, but they did not describe the exact positioning and 
orientation of the plastic slides in great detail, hence the force direction acting on 
the cells may not have been purely tangential but a combination of forces (tensile, 
compressive, shear), whereas in this study the centrifugation inlays secured the 
titanium disks position and orientation. Cells on tissue culture plastic seem to 
adhere stronger than on titanium surfaces. Tissue culture plastic is polystyrene, 
with a very smooth surface, treated by either Y-irradiation, chemically or with an 
electric ion discharge, to produce a charged surface (hydrophilic), which is 
wettable. Derhami et al (2000) found that fibroblasts on tissue culture plastic did 
not detach to any significant amount at centrifugal forces up to 40,000g, using 
tensile forces and Thoumine et al described epithelial cell detachment from plastic 
only from centrifugal forces of 50,000g, using shear forces.
A contributory factor for the differences in adhesion strength of osteoblasts on the 
various surfaces may be the shape of the cells on the titanium surfaces, which may 
change according to variations in surface roughness and surface chemical 
composition. Osteoblasts on rough titanium surfaces have been found (Martin et 
al 1995, Boyan et al 1995) to be round with cytoplasmic extensions, whereas on 
smooth (e.g. polished) surfaces, cells were flattened and regularly shaped without 
cytoplasmic extensions. In this study cells on glass bead blasted surfaces were 
also found to be rounder and slightly smaller compared to polished titanium, 
however no cytoplasmic extensions could be seen due to the magnification being 
too low (lOx lens). Cells on smooth titanium surfaces may adhere over the whole 
cell area and cells on rougher surfaces may adhere via their cytoplasmic 
extensions because the cells actually sit on top of the roughness peaks. So, the 
shape and therefore the adhesion area of the osteoblasts on the various surfaces 
may contribute to the adhesion strength and to the way they are detached (Figure 
88, 89).
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The adhesion strength may also vary depending on how many bonds have to be 
broken at the same time to detach a cell (Lotz et al 1989). The number of bonds 
formed between a cell and a substrate depends on the amount of the right kind of 
proteins (e.g. fibronectin, vitronectin) having been adsorbed to the surface. A 
theoretical estimate for the force needed to break a single bond was given by Bell 
(1978). He estimated that a force of around IO'10 N necessary to break a single 
bond. So, a force of 8 x 10"8 N necessary to detach an osteoblast would mean that 
800 bonds had to be broken at the same time.
If the flattened cells on polished titanium are exposed to tensile forces the cells 
may rather be peeled from the edges (Figure 88) than pulled off, because the 
nucleus of a cell has the highest density among cellular components, and it is 
therefore reasonable to assume that the cell nuclei are pulled in the direction of the 
centrifugal acceleration (Figure 88). Peeling off cells may reduce their adhesion 
strength because fewer bonds have to be broken at the same time (Lotz et al 
1989). Cells on rougher surfaces are already smaller and rounder (excluding 
extensions) and the adhesion of the cells might occur more via the cytoplasmic 
extensions than the cell body itself, which would suggest that the cell is pulled off 
more evenly (Figure 88).
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Figure 88: suggested schem atic model for osteoblast (G-292) adhesion on polished, glass 
bead blasted and alkali etched + heat-treated titanium surfaces before centrifugation (left) 
and during centrifugation using tensile forces (right)
The surface roughness of alkali etched + heat-treated titanium (140nm) is already 
too rough for the cells to sit flat on the surface. This may explain the higher 
adhesion strength of these titanium surfaces compared to polished titanium. Focal 
contacts (10-15 nm distance cell-substrate) or close contacts (30-100 nm distance 
cell-substrate) may only be formed on the cell body and on the cytoplasmic 
extensions on the surface roughness peaks. The result that the tensile adhesion 
strength of osteoblasts on alkali etched titanium surfaces is lower than on blasted 
surfaces may be explained by looking at the cytoplasmic extensions, which might 
not be able to grow between the roughness peaks of etched surfaces because they 
are too small but can grow into roughness peaks on blasted surfaces and adhere to 
the adsorbed proteins. Also, more contacts may be formed on glass bead blasted 
surfaces, due to the enlarged surface area and therefore a higher amount of
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adsorbed protein over the same distance, compared to etched and polished 
titanium surfaces.
The result that polished titanium surfaces showed the best performance regarding 
cell adhesion strength, when exposed to shear forces, was surprising. One might 
have expected that the rougher surfaces to show the higher cell adhesion strength 
due to the increased surfaces roughness/surface area and the additional surface 
friction between cell and substrate, compared to smoother surfaces. The shape and 
the area of adhesion (via the cell body or via cytoplasmic extensions) may be 
important. A reason for this result may be the relative absence of friction between 
cells and rough surfaces because the cell body sits on top of the roughness peaks 
and not within them. Also, if the cell body is rounder and is therefore elevated 
further from the surface (the top of the cell body reaches out further than on 
polished surfaces) on rougher surfaces the centrifugal force can act on a larger 
area of the cell body and pull it along the surface (Figure 89). Due to this, larger 
moments may act on the bonds between cytoplasmic extensions and adsorbed 
proteins on the substrate surface. Glass bead blasted titanium surfaces would still 
perform better concerning adhesion strength of cells than alkali etched + heat- 
treated when exposed to shear forces (which was the case) because of the 
possibility of the cytoplasmic extensions to grow into the roughness peaks and 
anchor there which may not be possible on etched surfaces.
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Etched Ti
Figure 89: suggested schematic model for osteoblast (G-292) adhesion on polished, glass 
bead blasted and alkali etched + heat-treated titanium surfaces before centrifugation (left) 
and during centrifugation using shear forces (right)
The actual shear stress an osteoblast has to withstand when adhering to a titanium 
surface and being exposed to shear forces is very difficult to calculate reliably 
because the assignment of values for the shear elements is totally dependent on 
the assumptions made about contact area and local load distribution. The contact 
area of the cells can be very different from surface to surface and even from cell 
to cell on the same surface. Therefore the shear stress calculation was not included 
in this study. A useful tool for assessing the different assumptions of contact area 
and load distribution between implant and bone or bone cells may be FEA 
modeling.
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5« Concluding Discussion
This chapter will summarise and discuss the results of all of the experimental 
chapters and put it into context with the clinical application of osseointegration for 
direct prosthetic limb attachment in the above knee amputee. Finally, with the aid 
of the information gathered during the experiments of ion and protein adsorption 
and cell adhesion strength tests to 3 different cp titanium surfaces, conclusions 
will be drawn regarding the most suitable surface treatment (of the three tested) to 
be used for the above stated clinical application.
Titanium surface
The ideal surface treatment for osseointegrating titanium implants has not yet 
been established, especially not for methods of direct prosthetic limb attachment 
because it is only a very recent clinical application. The optimal surface treatment 
for one type of titanium implant may not necessarily be the optimal treatment for 
another titanium implant because the implantation sites are different, as well as 
bone quality and implant design (e.g. screw, cylinder etc.), and thus the external 
and internal loading characteristics the implant-bone interface has to withstand 
may vary. In the case of the direct prosthetic limb attachment the implant is a 
cylindrical screw. Forces acting on this bone-titanium interface, initially on 
adhering cells and in the long term on the connection between calcified bone and 
implant surface, may either be tensile, compressive, shear, or a combination 
thereof.
The three different surface treatments of cp titanium, chosen for the experiments 
in this study, were polishing, glass bead blasting, and alkali etching + heat 
treatment. Polishing and glass bead blasting (Stanmore Implants Worldwide, 
Stanmore, UK) were chosen because they are commercially available and well 
accepted surface treatments for cp titanium implants, which are in direct contact 
with bone. Alkali etching + heat-treating was chosen because it seems to be a 
promising surface treatment, which is thought to accelerate osseointegration and
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may even enable the material (titanium) to chemically bond to bone (Kim et al 
1997, 1999, 2000, Nishiguchi et al 2001).
To ensure the reproducibility of the surface characteristics and to enable 
comparisons to be made before and after ion and protein adsorption on the same 
surface treatment, and to assess the differences in ion and protein adsoiption as 
well as cell adhesion strength between the various titanium surfaces the polished, 
glass bead blasted and alkali etched + heat-treated titanium surfaces were 
characterised by surface roughness and topography, and surface chemical 
composition. Surface roughness measurements and assessment of surface 
topography were performed with the aid of atomic force microscopy (AFM), 
confocal laser scanning microscopy (CLSM), and scanning electron microscopy 
(SEM). Surface chemical composition was analysed qualitatively and 
quantitatively by x-ray photoelectron spectroscopy (XPS).
Polished titanium surfaces showed a mirror finish with occasionally fine 
scratches. The average surface roughness was about Ra = lOnm. The surface 
chemical composition of polished cp titanium showed a high level of hydrocarbon 
contamination, which may have been incorporated deeply into the surface during 
the polishing procedure, because it could not be removed by ultrasonic cleaning. 
Other elements that could be identified and were expected were oxygen and 
titanium. Small concentrations of atmospheric nitrogen were also identified on 
polished titanium.
The alkali etched + heat-heated titanium surfaces, which started off as polished 
titanium, showed very little carbon contamination, which suggests that it has been 
removed by the sodium hydroxide solution, and therefore they showed a much 
greater level of oxygen and a clear titanium peak. As implied by Kim et al sodium 
ions had been incorporated into the titanium surfaces during the etching process. 
The surface topography of etched titanium surfaces seemed smooth to the naked 
eye but matt. Closer investigations showed a surface with very fine spikes with an 
average surface roughness of Ra=140 nm.
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Glass bead blasted cp titanium surfaces exhibited the roughest surface with an 
average surface roughness of Ra=3.6 [xm. The roughness peaks were broad and 
rounded off, and thus did not have any sharp edges, which may cause peak stress 
areas in vivo, because it has been blasted with round beads and not variably 
shaped particles. The glass bead blasting process changes tlie surface chemical 
composition of cp titanium by adding sodium and silicon to the surfaces, which 
almost cover the titanium signal. The carbon concentration was somewhat higher 
on blasted than on etched titanium surfaces, but lower than on polished titanium. 
A high carbon concentration may seem negative, because it is not a very clean 
surface from the point of view of surface analysis, but in this study no particular 
disadvantage or advantage of the high carbon concentration on polished titanium 
could be identified.
Due to the need for sterilisation, to be able to use the titanium surfaces for cell 
culturing purposes, the titanium disks were autoclaved. This, however, removed 
part of the sodium from alkali etched + heart treated and glass bead blasted 
titanium surfaces, which was clearly a disadvantage because sodium is thought to 
be the key element in turning an inert titanium surface into a bioactive surface. In 
further studies a different sterilisation method should be considered.
Bone titanium interface
For an amputee to be able to succeed in using an osseointegrated fixture for direct 
prosthetic limb attachment, the formation of a strong and stable interface between 
bone and titanium is necessary. The stabilisation time in clinic at present is of the 
order of 6 months and therefore an increase in the initial formation rapidity would 
be a clinical benefit. Acceleration of the osseointegration process overall would 
also be of advantage to shorten the rehabilitation time, which at present may take 
up to two years from implant placement to full load bearing of the prosthesis.
The events that lead to the formation of the bone-titanium interface, which may 
vary with surface characteristics, are also of great importance to achieve a stable
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and strong fixation between bone and the material surface. Long term interfacial 
strength tests between bone and implant surfaces have been performed by various 
researchers, using various more or less useful biomechanical tests (see section 
3.3.4.2); pull-out (Branemark et al 1997,) and push in/out (Brosh et al 1995, 
Wong et al 1995, Nishiguchi et al 2001) tests, torque out tests (Branemark et al 
1997, Klokkevold et al 1997, 2001, Lee et al 2002,), and tensile adhesion strength 
tests (Ronold and Ellingsen 2002, Skripitz and Aspenberg 1998, Yan et al 1997, 
Nishiguchi et al 1999, Kim et al 1997, Fujibayashi et al 2001). Investigations of 
the long-term interfacial strength are important, but to influence interfacial 
strength, factors that lead to the formation of the interface need to be investigated. 
Thus, this study concentrated on the initially important ion and protein adsoiption, 
as well as cell adhesion strength to the implant surface. Cell adhesion, which 
occurs via proteins adsorbed to the implant surface (Anselme 2000, Sinha and 
Tuan 1996, Garcia et al 1998), is necessary to enable bone formation directly at 
the implant surface for a close apposition of bone (Davies 1998). Two force 
directions (tensile and shear) were chosen to measure osteoblast adhesion strength 
to the 3 different titanium surfaces. A follow-up study may include investigations 
of cell adhesion strength using a combination of these forces by redesigning the 
centrifugation tube inlays with a tiled angle of the position of the disks.
The initial events after implant insertion are believed to be ion and protein 
adsoiption and cell adhesion (Kasemo 1983, Kilpadi et al 2001). To further 
increase the knowledge of the processes involved in osseointegration and to aid in 
finding the most suitable surface structure and chemical composition for cp 
titanium implants used for direct prosthetic limb attachment, the hypotheses that 
there is significant ion and protein adsoiption and significant cell adhesion to cp 
titanium surface and that those can be influenced by changing surface structure 
and surface chemical composition of the titanium surfaces were tested in this 
study. Assumptions hereby were that a stronger adhesion of bone cells to the 
titanium surfaces is of advantage because the cells cannot be removed easily, e.g. 
by micro movements at the interface, and thus ensure that bone matrix can be 
produced at the implant surface, and that ion, especially calcium and phosphate,
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adsoiption is important because this may enable bone to chemically bond to the 
titanium surface (Kim et al, Yan et al 1996) and would therefore form a stronger 
connection between bone and titanium.
After an implant is inserted into the human body it comes in contact with body 
fluids, containing electrolytes and proteins, and with cells and cell debris. As 
shown in this study, a significant amount of proteins was adsorbed to the titanium 
surfaces within the first 5 minutes of exposure to a simulated in vivo environment 
(full cell culture medium, containing 10% foetal calf serum and glutamine), 
whereas ions (calcium and phosphorus) could not be detected in significant 
concentrations within 20 days of exposure to cell culture medium. Significant ion 
adsorption could only be detected after immersion to the physiological solution 
HBSS for 21 days. This implies that the ions are either masked by the proteins, or 
that ion adsoiption was inhibited by the presence of the proteins, as also suggested 
by various other authors (Mahmood and Davies 2000, Lima et al 2001, Serro et al 
2000, 1997). However, calcium and phosphate concentrations may simply need to 
be increased, e.g. by the presence of osteoblasts (Mustafa et al 2002), to enable 
calcium phosphate precipitation when proteins are also present.
Cells are attracted to the titanium surfaces and adhere to the adsorbed proteins 
within 2 hours after having been seeded onto the titanium surfaces. Cell adhesion 
strength was not assessed at this stage; however, cells were not found to be 
removed from the surfaces by pouring cell culture medium over the titanium 
surfaces. Cell adhesion strength tests, using centrifugal accelerations, showed that 
there is significant cell adhesion to titanium surfaces and that adhesion strength 
can be influenced by changes in surface structure and chemical composition, but 
also by force direction.
Ion and protein adsorption and cell adhesion strength
In this study, the only ions that were found to be adsorbed to the titanium surfaces 
from the physiological solution HBSS were calcium and phosphorus, which was
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also found by other researchers (Hanawa 1999, Frauchinger et al 1999, Kim et al 
1997, 1999, 2000). Kim et al stated that sodium could not be detected on alkali 
etched + heat-treated titanium surfaces after exposure to physiological solutions. 
The same occurred on the alkali etched + heat-treated and glass bead blasted 
titanium surfaces used in this study after exposure to HBSS, but also when 
exposed to cell culture medium. Alkali etched titanium surfaces are believed to 
turn the inert material into a bioactive material (Kim et al 1996, 1997, 1997, 1999, 
2000, Taltadama et al 2001, Nishio et al 2000) by exchanging the sodium ions 
with H30+ ions to form a strongly hydrated titanium oxide layer (titania hydrogel). 
This ion exchange also increases the pH in the surrounding fluid, which 
accelerates apatite nucleation by increasing the ionic activity product of apatite in 
a physiological solution (SBF) (Gamble 1967). Apatite nuclei form and 
spontaneously grow by taking up more calcium and phosphate from the 
surrounding fluid and forming an apatite layer within 3 days (Kim et al, 
Takadama et al 2001). This could not be confirmed in this study.
In this study, calcium and phosphorus could only be detected in larger 
concentrations on all tested titanium surfaces after 21 days of immersion in 
HBSS. Although the alkali etched + heat-treated titanium surfaces did show the 
highest calcium concentration after immersion in HBSS for 21 days, the actual 
adsorption of calcium was similar on all 3 surfaces (around 6.4 atomic %) only 
that etched titanium surfaces had the highest surface concentration of calcium 
before HBSS exposure. Phosphorus adsoiption, however, was highest on alkali 
etched titanium surfaces after exposure to HBSS for 21 days, with 7.2%, followed 
by glass bead blasted titanium with 6.7% and polished titanium with 5.5%. Ong et 
al (1996) did not find any differences in either calcium or phosphorus adsoiption 
between titanium surfaces with different surface roughness after exposure to SBF 
(simulated body fluid). Mustafa et al (2002) suggested that osteoblasts might aid 
in calcium precipitation. Using XPS they have found higher calcium 
concentrations on titanium surfaces exposed to osteoblast cell cultures compared 
to fibroblast cell cultures or control samples, which have only been exposed to 
cell culture medium (without cells). Also, they have not found any difference in
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calcium concentration between different surface roughness, which suggests that 
calcium adsoiption may be more dependent on surface chemical composition. 
However, Cooper et al (1999) did not found differences in calcium and 
phosphorus adsoiption to two types of titanium surfaces, one polished with silicon 
carbide and the other blasted with A103 particles, after having been exposed to 
osteoblast cell cultures. Specific surface contaminants may be needed to stimulate 
calcium and phosphorus adsoiption.
Protein adsorption was assessed, using XPS, by the amount of nitrogen adsorbed 
to the different titanium surfaces. Nitrogen and carbon are indicators for protein 
adsoiption, although carbon is not always reliable because, if the hydrocarbon 
contamination 011 a surface was high before medium exposure it would not be 
clear how much of the carbon concentration was related to protein adsorption. Part 
of the hydrocarbon contamination may be replaced by carbon from proteins.
In this study, the alkali etched + heat-treated and glass bead blasted titanium 
surfaces adsorbed similar amounts of proteins from cell culture medium, with 
increases in the nitrogen concentration of 10.5 atomic% and 10 atomic% 
respectively, polished titanium surfaces adsorbed the least amount with an 
increase of only 6.5 atomic%. Considering that protein adsorption is important for 
cell adhesion it is reasonable to assume that it is of advantage if more protein has 
been adsorbed, thus glass bead blasted and alkali etched + heat-treated titanium 
surfaces used in this study were superior to polished titanium in that aspect.
However, the type of protein, which is adsorbed to a surface, is also important 
because specific cells bind to specific proteins. It has been shown (Howlett et al 
1994, Garcia et al 1998, Shah et al 1999, Sinha and Tuan 1996) that osteoblasts 
adhere e.g. to fibronectin and vitronectin, which are plasma proteins. Other 
proteins, which are involved in osteoblast adhesion, such as bone sialoprotein or 
osteopontin, are secreted by osteoblasts themselves, and may therefore not be 
available at the titanium surfaces initially. In a follow-up study the type of
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proteins adsorbed to the various titanium surfaces could be investigated using 
techniques such as ELISA.
It has been shown by Kilpadi et al (2001) that hydroxyapatite adsorbs more serum 
protein (fibronectin and vitronectin) than cp titanium, which suggests that the 
presence of calcium and phosphorus at titanium surfaces before immersion in any 
solution may be of advantage regarding protein adsorption. Thus, the alkali etched 
+ heat-treated titanium surfaces in this study seem to be favourable for protein 
adsoiption because they showed the highest surface concentration of calcium and 
phosphorus before exposure to any solution, but protein adsoiption was similarly 
high on blasted and etched titanium surfaces. However, even though proteins are 
necessary for cell adhesion, cell adhesion strength on glass bead blasted surfaces 
was always higher than on alkali etched + heat-treated titanium surfaces, which 
implies that cell adhesion strength is not purely dependent on surface chemical 
composition but also depends on surface roughness or most likely on a 
combination thereof. The surface roughness of glass bead blasted titanium 
surfaces was about 30 times higher than on alkali etched titanium surfaces, and 
the roughness peaks are much broader and therefore may enable cellular 
extensions to grow into them. Also, the surface area is enlarged and therefore 
more proteins can be adsorbed over the same distance compared to smoother 
surfaces.
Force direction is also important for cell adhesion strength. Although, in this 
study, polished titanium surface adsorbed the lowest amount of proteins and 
showed the lowest surface roughness they still showed the highest cell adhesion 
strength when exposed to shear forces, but the lowest adhesion strength when 
exposed to tensile forces, which may be explained by the cell shape on the 
surfaces. Osteoblasts on polished titanium surfaces are thought to be flatter than 
osteoblasts on rougher, such as blasted titanium surfaces and therefore may be 
peeled off the surface under tensile forces, but under shear forces they do not offer 
such a large area a force can act on, and thus they may be harder to detach. In 
general, G-292 osteoblasts could withstand tensile forces better than shear- forces.
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Twice the force was needed to pull cells off the glass bead blasted titanium 
surfaces than to shear them off the polished titanium surfaces.
The Japanese group at the Kyoto University showed, in various animal 
experiments performing interfacial strength tests, using tensile strength tests (Yan 
et al 1997, Nishiguchi et al 1999, 1999, Fujibayashi et al 2001) and push out tests 
(Nishiguchi et al 2001) that the alkali etched + heat-treated titanium surfaces 
showed superior interfacial strength compared to other titanium surfaces. Their 
findings contrasted with the results in this study where the alkali etched and heat- 
treated surfaces were not found to be superior. In tensile cell adhesion strength 
tests they were second best behind glass bead blasted titanium surfaces, and in 
shear cell adhesion strength they were even last. An explanation for this may be 
that alkali etched titanium surfaces act more via chemical bonding between 
calcium phosphate adsorbed to the surfaces and hydroxyapatite in bone and does 
not rely so much on bone matrix formation directly on the surface, although it 
seems reasonable to assume that it would also be beneficial.
Most suitable surface treatment
Over all, the glass bead blasted titanium surfaces were found to be the superior 
surface treatment, considering ion and protein adsorption and cell adhesion 
strength put together. Together with etched titanium surfaces they showed the 
greatest amount of protein adsoiption and they showed the highest cell adhesion 
strength for tensile forces and the second highest for shear forces. This suggests 
that if a combination of forces (tensile, compressive, shear) acted on the cells on 
the surfaces, which is most likely in vivo, they would perform superiorly to the 
other two tested surfaces. The presence of sodium, which is the key element on 
alkali etched titanium surfaces and is thought to accelerate the osseointegration 
process or even lead to bone bonding (Yan et al 1997, Kim et al 1997), on the 
glass bead blasted titanium surfaces suggests that it might behave similarly to 
alkali etched titanium surfaces in vivo and produce a higher interfacial strength in 
tlie long term. A long-term interfacial strength study, comparing these glass bead
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blasted titanium surfaces (Stanmore Implants Worldwide, Stanmore, UK) with 
alkali etched + heat-treated titanium surfaces, using tensile adhesion strength tests 
would be valuable.
Potential Implications
Although significant protein adsoiption and cell adhesion of G-292 osteoblasts to 
polished, alkali etched + heat-treated, and glass bead blasted cp titanium surfaces 
was found, it is not enough to provide primary implant stability. The implant 
design geometry is still of major importance. However, if implant surface 
structure and chemical composition are chosen appropriately this will aid in 
ensuring the formation of a strong interface with close contact/bonding between 
bone and implant surface and may also accelerate the osseointegration process.
The findings of this study show that the glass bead blasted titanium surface 
(Stanmore Implants Worldwide) were the most favourable surface treatment, of 
the three tested surface treatments, regarding ion and protein adsoiption and cell 
adhesion strength, which are processes involved in the formation of the bone 
titanium interface in osseointegrating implants. Due to the surface structure and 
surface chemical composition of the glass bead blasted cp titanium surfaces, 
osseointegration may be accelerated and thus, if used for implants for direct 
prosthetic limb attachment, the time span between implant insertion and full load 
bearing of the implants may be shortened. Glass bead blasted titanium surfaces 
may benefit from the similar surface chemical composition to alkali etched + heat- 
treated titanium surfaces as well as from its further enlarged surface area with 
rounded and broad peaks. The formation of a strongly hydrated oxide layer on the 
blasted titanium surfaces may also occur (as on the alkali etched + heat-treated 
titanium surface) due to the exchange of sodium ions with H30 + ions from the 
surrounding fluid, as well as a stronger adhesion of cells compared to etched 
titanium surfaces, which allows osteoid secretion directly at the surface and 
apatite nucleation directly at the surface, which may lead to chemical bonding 
between bone and the glass bead blasted titanium surfaces. Testing this surface 
treatment (glass bead blasting -  Stanmore Implants Worldwide) for the use in 
direct prosthetic limb attachment would be valuable for the future.
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6. Conclusions
• There was no significant ion (calcium and phosphorus) adsorption from 
cell culture medium, but there was significant ion adsoiption from HBSS 
after 21 days of immersion
© Ion adsoiption to titanium surfaces may be inhibited by the presence of
proteins or the ion concentration needs to be increased, which may happen 
e.g. by the presence of osteoblasts at the titanium surface
© There was significant protein adsorption to all three tested titanium 
surfaces from cell culture medium
© Protein adsoiption to titanium surfaces occurs within the first 5 minutes of 
exposure to cell culture medium.
© There was significant adhesion of G-292 osteoblasts to all three tested 
titanium surfaces
© Cell adhesion strength to cp titanium surfaces depends on surface 
roughness, surface chemical composition and force direction.
© Cell adhesion of osteoblasts (G-292) to polished, glass bead blasted and
alkali etched + heat-treated titanium surfaces is not strong enough to 
replace the primary stability achieved by the design geometry of an 
implant.
© Glass bead blasted titanium surfaces (Stanmore Implants Worldwide) were 
found to have performed best, regarding ion and protein adsoiption and 
cell adhesion strength put together.
© Choosing glass bead blasting as the surface treatment for the implants, 
which are used for direct prosthetic limb attachment, may reduce the time 
span between implant insertion and full load bearing.
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7. Recommendations for Future W o r k
® Repeating this study using a different sterilisation method to avoid
removing sodium from alkali etched + heat-treated and glass bead blasted 
cp titanium surfaces.
• Repeating cell adhesion strength tests using a combination of forces 
(compressive, tensile, and shear)
© Investigation of which type of proteins adsorb to cp titanium surfaces with
different surface treatments. Proteins containing RGD sequence important.
© Long-term interfacial strength study using tensile adhesion strength tests
comparing glass bead blasted (Stanmore Implants Worldwide, Stanmore, 
UK) and Alkali etched + heat-treated cp titanium surfaces
• Test glass bead blasted (Stanmore Implants Worldwide, Stanmore, UK) cp 
titanium surfaces for direct prosthetic limb attachment
© Investigate if time span between implant insertion of implants used for
direct prosthetic limb attachment and full load bearing may be shortened 
by glass bead blasting the implant surface
• FEA studies to assess the different assumptions of contact area and load 
distribution between implant and bone or bone cells.
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